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Abstract 
This PhD thesis reports on the fabrication and characterization of exact aligned SiGe 
quantum dot structures. In general, SiGe quantum dots which nucleate via the 
Stranski-Krastanov growth mode exhibit broad size dispersion and nucleate randomly 
on the surface. However, to tap the full potential of SiGe quantum dots it is necessary 
to control the positioning and size of the dots on a nanometer length, e.g. for 
electronically addressing of individual dots. This can be realized by so-called 
templated self-assembly, which combines top-down lithography with bottom-up self-
assembly. In this process the lithographically defined pits serve as pre-defined 
nucleation points for the epitaxially grown quantum dots. In this thesis, extreme ultra-
violet interference lithography at a wavelength of λ = 13.4 nm is employed for pre-
patterning of the Si substrates. This technique allows the precise and fast fabrication 
of high-resolution templates with a high degree of reproducibility. The subsequent 
epitaxial deposition is either performed by molecular beam epitaxy or low-pressure 
chemical vapour deposition. It will be shown that the dot nucleation on pre-patterned 
substrates depends strongly on the lithography parameters, e.g. size and periodicity of 
the pits, as well as on the epitaxy parameters, e.g. growth temperature or material 
coverage. The interrelations are carefully analyzed by means of scanning force 
microscopy, transmission electron microscopy and x-ray diffraction measurements. 
Provided that correct template and overgrowth parameters are chosen, perfectly 
aligned and uniform SiGe quantum dot arrays of different period, size as well as 
symmetry are created. In particular, the quantum dot arrays with the so far smallest 
period (35 nm) and smallest size dispersion are fabricated in this thesis. Furthermore, 
the strain fields of the underlying quantum dots allow the fabrication of vertically 
aligned quantum dot stacks. Combining lateral and vertical dot alignment results in 
three-dimensional quantum dot crystals. 
The analyzed SiGe quantum dots have a type II band alignment, with holes confined 
in the dots and electrons confined in the strained Si in the surrounding of the dots. The 
recombination energy of these indirect excitons depends on size, Ge content and strain 
distribution of the quantum dots. It will be shown that the structural uniformity of the 
created quantum dot structures is reflected in their optical properties, resulting in a 
narrow and stable photoluminescence emission with well separated no-phonon and 
 transversal optical phonon lines. The narrow dot luminescence can be shifted by 
varying Ge coverage, dot size or dot period. Furthermore excitation-power dependent 
and temperature dependent photoluminescence measurements are discussed. Band 
structure calculations indicate that the electronic states of the quantum dot crystals are 
electronically coupled at least in vertical direction. For the quantum dot crystal with a 
lateral period of 35 nm even a coupling in all three dimensions is calculated. Thus, the 
three-dimensional dot arrangement represents not only from the structural but also 
from the electronic point of view an artificial crystal.  
 
 
 
 
 
 
Figure: SiGe quantum dot crystal consisted of 11 Ge dot layers separated by 10 Si 
spacer layers. Extreme ultraviolet interference lithography was utilized to prepare the 
pre-patterned substrates with a lateral periodicity of x = 90 nm, y = 100 nm. Molecular 
beam epitaxy was used for Si/Ge overgrowth (image is composed of two STEM and one 
SFM micrograph). 
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1 Introduction 
The general trend in semiconductor technology is to approach towards smaller and 
more effective devices. Over decades, CMOS technology has followed the predictions 
of Moore’s Law which suggests that the number of transistors on an integrated circuit 
is increasing exponentially, doubling approximately every two years. Naturally, 
further down scaling of integrated circuits will reach its limit sooner or later and new 
concepts are required to continue the successful advancements of semiconductor 
technology. 
Promising candidates for the introduction into main-stream technology are 
semiconductor quantum dots (QDs). QDs represent a solid state-system with charge 
carrier confinement in all three dimensions. In analogy to an atom a QD is also often 
referred as an artificial atom. Especially semiconductor QDs prepared from silicon 
and germanium are of interest, not only because the SiGe material system is a 
relatively simple model system to understand the fundamental nucleation mechanism, 
but also because of their compatibility to Si microelectronics. The most common way 
to produce SiGe QDs is accomplished by strained layer epitaxy via the Stranski-
Krastanov (SK) growth mode. The driving force of this growth mode is the lattice 
mismatch of 4.2% between Si and Ge, which causes the formation of self-assembled 
SiGe QDs on top of an initial two-dimensional wetting layer. Such dislocation-free 
SiGe QDs are in general randomly distributed on the surface and exhibit rather broad 
size dispersion. Within the last years enormous efforts have been undertaken to study 
and categorize these structures. Especially their optical properties have attracted 
strong interest because the localization of carriers in these quasi zero-dimensional 
structures improves the light-emitting properties of the indirect band gap materials Si 
and Ge. The localization enhances the uncertainty of the carrier momentum and hence 
increases the probability of optical transitions without the assistance of phonons. 
Nevertheless, SiGe QD-based optoelectronic devices, such as light-emitting devices, 
are still far away from being realized because of the low luminescence efficiency and 
the broad energy distribution of self-assembled SiGe QDs. The latter is due to the fact 
that the resulting recombination energy depends strongly on size, shape, strain and 
composition of the QDs. Consequently, from self-assembled QDs with a broad size 
distribution, a rather wide energy spectrum is usually observed. The answer of this 
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problem, which is also one of the aims of this thesis, is the fabrication of arrays of 
“identical” QDs that emit in a resonant mode.  
The feasibility to create identical QDs is also relevant for the realization of novel QD 
based devices, e.g. the so-called dot-field effect transistor (dot-FET) [1]. This device 
is based on fabrication of strained Si bridges which can be used as a channel of the 
FET by capping of SiGe QDs with a thin Si layer. Due to the high mobility of carriers 
in strained Si a mobility enhancement of more than 100% is expected compared to 
devices prepared from unstrained Si [2]. However, such devices require not only a 
uniform size distribution of the dots, but also the exact positioning of dots in order to 
address each QD individually. Furthermore, new physics and novel electronic 
applications, such as quantum computation or spintronics, are envisioned from SiGe 
QDs. Such systems are based on the manipulation of qubits, which require electronic 
coupling between QDs and hence distances of less than 10 nm between adjacent QDs. 
For fundamental studies of coupled dot-systems the interplay between two QDs is 
mostly sufficient. However for complex multi-bit operations exact laterally aligned, 
densely packed QD arrays are required. Extending such a lateral correlation of QDs 
into the third dimension by vertical stacking of Si/Ge layers allows the creation of 
SiGe QD crystals or in other words the fabrication of artificial crystals out of artificial 
atoms becomes realizable. 
It is evident that the applicability of most QD concepts is closely related with the 
ability to correlate them. For applications, in particular size uniformity and exact 
positioning of QDs are required. Lateral ordering of QDs was firstly demonstrated by 
overgrowth of slightly vicinal Si(100) substrates with miscut angles of around two 
degrees along the (110) direction [3, 4]. However, the observed alignment along step 
edges was only one dimensional and the uniformity of the dots rather weak. 
Templated self-assembly is one of the practical ways to realize two–dimensional and 
long-range ordered QD arrays with narrow size distribution. It employs lithography to 
pre-define the nucleation sites for the subsequent overgrowth of Ge. In the SiGe 
material system patterns written by e-beam lithography [5], focused ion beam [6] and 
patterns fabricated by optical interference lithography [7] have been harnessed to 
achieve ordering of SiGe islands. Using chemical vapour deposition (CVD) SiGe dots 
have been selectively grown in oxide patterns [8, 9]. However, the periodicity of these 
patterns (>100 nm) as well as the sizes of the created SiGe islands were rather large 
and hence far away from being an electronically coupled QD system.  
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In this thesis extreme ultra violet interference lithography (EUV-IL) is performed for 
preparing the Si templates. This technique is featured with high resolution, high 
throughput and high control over the pattern uniformity. Templates with periodicities 
ranging from 280 nm down to 35 nm were realized with the EUV-IL technique. The 
overgrowth of these Si patterns by means of molecular beam epitaxy (MBE) as well 
as CVD results in exactly aligned QD arrays, QD molecules as well as QD crystals. 
Hitherto unmatched uniformity of the dots is found, as investigated by scanning force 
microscopy (SFM), scanning transmission electron microscopy (STEM) and x-ray 
diffraction (XRD). As expected, photoluminescence (PL) measurements of these 
ordered structures exhibit much smaller PL linewidths than observed from dots grown 
on unpatterned substrates due to their narrow size distribution. Furthermore, band 
structure simulations confirm lateral as well as vertical electronic coupling of dots in 
QD crystals prepared on high-resolution pattern with a periodicity of 35 nm. In 
summary, the results of this thesis are an essential step towards the implementation of 
SiGe QD structures for electronic and optoelectronic applications.  
Basics 
5 
 
2 Basics 
Historians will call the present time as the “Silicon Age”, since the tremendous 
progress of modern technology is irrevocably associated with the element-
semiconductor silicon. The main advantage of Si are the high abundance and 
hence cheap price, the high quality of its oxide, the good heat conductance, the 
feasibility to fabricate Si of high purity and the simplicity to dope them with 
group III or V elements. Unfortunately the practicability of Si is diminished, 
firstly because of the indirect band gap, which prevents efficient light emission, 
secondly because of the high effective mass of the charge carriers which results 
in low mobility. SiGe QDs have been proposed to improve these properties. The 
light emission can be enhanced by using low-dimensional SiGe dot structures. 
The mobility of the carriers can be increased by using SiGe dot structures to 
create strained Si, since electrons in strained Si have a reduced effective mass 
and consequently higher mobility.  
2.1 Growth mechanism of SiGe quantum dots  
Si and Ge crystallize in the diamond 
cubic crystal structure (space 
group: mFD3 ). Hence, each atom is 
tetragonally bound to its four neighbour 
atoms as shown in Figure 2.1. The lattice 
constants of Si and Ge are aSi = 0.543 
nm and aGe = 0.566 nm, respectively, 
which results in a large lattice mismatch 
of 4.18%. To calculate the lattice 
parameters of a Si1−xGex alloy, one can 
use in a first approximation a linear fit between the lattice parameters of Si and Ge. A 
better fit to the experimental values is given by a(Si1−xGex) = (0.5431 - 0.00125x + 
0.01957x2 + 0.00436x3) nm [10].  
The epitaxial growth of Ge on Si develops in the Stranski-Krastanov growth mode 
(SK). This growth mode occurs for almost any semiconductor system with a certain 
lattice mismatch of the involved materials. SK proceeds in a two step process 
Figure 2.1: lattice structure of Si and Ge. 
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(see Figure 2.2): During the initial deposition of material A on B, a strained wetting 
layer (WL) is formed. By reaching a critical thickness dc of the WL (dc = 3-4 ML [11] 
for the Si/Ge system) strain relaxation occurs during island nucleation. Certainly, the 
formation of islands increases the surface energy, but on the other hand, this is 
overcompensated by the reduction of strain energy within the dot. Thus, the total 
energy is reduced through island formation. 
A microscopic picture gives deeper insights into the initial WL formation. As 
mentioned above each atom in a Si crystal is tetragonally bound to its four 
neighbours. As a consequence, this would create two dangling bonds per atom at the 
Si(100) surface. Such an energetically unfavourable arrangement is prevented by 
forming a dimer bond at the surface, which results in a 2 × 1 reconstruction of the 
Si(100) surface oriented along the (110) direction (see Figure 2.3). 
Ge overgrowth of such a reconstructed Si(100) surface leads first to the formation of 
buckled dimers by displacing Si atoms [12, 13] and already after the deposition of 0.3 
ML of Ge to a disordered structure with a large amount of missing dimers [14]. STM 
investigations indicate that for increasing Ge coverage to about 1 ML the WL exhibit 
a 2 × n surface reconstruction which evolves from the 2 × 1 reconstruction of the 
Si(100) surface [15-17]. This implies that the Ge WL is formed by dimers, where 
every nth dimer is missing. For 1 ML of Ge, the period of the dimer vacancies 
accounts to n ≈ 13 and it decreases with increasing Ge coverage. The 2 × n 
reconstruction provides an efficient way for strain relaxation, as the Ge atoms can 
expand into the dimer vacancies. For Ge coverage of more than 2 ML, the 2 × n 
surface reconstruction evolves into periodically arranged patches with a m × n 
reconstruction [18, 19]. Ge deposition beyond 3 ML results in island formation as 
described in the next section.  
Figure 2.2: Schematic of the Stranski-Krastanow growth mode. 
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2.2 Structural properties of self-assembled SiGe QDs 
The formation of SiGe islands via SK on Si(100) substrates was evidentiary 
demonstrated for the first time by Eaglesham et al., using TEM [20] and Mo et al., 
using STM [21] in 1990. Since then, the interest in SiGe QDs increased dramatically 
and especially the structural properties of these islands were investigated extensively. 
Dots were prepared using different growth techniques, such as MBE, CVD or 
magnetron sputter epitaxy. For all of the mentioned techniques a similar behaviour of 
the island morphology has been found. In this section the basic observation of 
heteroepitaxial growth of Ge on Si(100) will be briefly resumed. 
2.2.1 SiGe island formation and evolution 
In the SK growth mode an energy barrier has to be overcome to activate the transition 
from two-dimensional WL growth to three-dimensional island nucleation. Tersoff et 
al. [22] calculated the change in free energy which is required to form an SiGe island 
of volume V with facets tilted by an angle θ  to the surface as 
θθ tan6tan4 3/13/2 AVVE −Γ=∆  
where Γ  denotes the change in surface free energy through to island formation and 
Figure 2.3: a) Surface geometry of 
Si(100) before and after 2 × 1 
reconstruction. b) Top layers of a 
reconstructed Si(100) surface.
(image taken from [34]) 
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GA xx piνσ 2/)1(2 −= , with shear modulus G, Poisson ratio ν and the in-plane 
component xxσ  of the stress tensor σ . The energy change in dependency of the island 
volume for the most common island facets is shown in Figure 2.4.  
 
An increase of energy up to a maximum value Ec at a critical size Vc is observed. The 
calculations are in good agreement with the experimental results. Firstly, they suggest 
that by reaching a critical thickness, island nucleation is energetically favoured 
compared to further wetting. Secondly, they point correctly (105) facets as first 
equilibrium facets (see also Ref. [23, 24] for the stability of (105) facets), since the 
deposition of pure Ge results in the initial nucleation of (105) faceted clusters1. These 
so-called hut clusters are coherent with the substrate lattice, i.e. free of dislocations 
between the substrate and the hut clusters, which make them technologically 
desirable. XRD measurements indicate that the huts are almost fully strained at the 
Si/Ge interface and relax their strain gradually towards their apex [28]. A STM image 
of such a hut cluster is shown in Figure 2.5 (a). Such huts have always a pyramidal 
shape with either a rectangular (elongated hut clusters) [18, 21] or a square shaped 
                                                   
1
 For lower Ge concentration the formation of mounds as an intermediate step before hut cluster nucleation 
was found [25]. In that case their nucleation does not occur via SK growth but is caused by the Asaro-Tiller-
Grinfeld instability [26, 27]. 
Figure 2.4: Required energy to create an island, calculated for three different facet 
orientations. Adapted from [22]. 
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base [29-31]. Latter is the thermodynamic equilibrium shape of Ge hut clusters [22, 
32]. Their principal axes are aligned along two orthogonal (100) directions. Kästner 
and Voigtländer applied a kinetic growth model [33, 34] to understand the general 
observation that the hut density increases rapidly while the sizes of larger islands 
increase only slowly. They found that for adding a new ML to the (105) facet an 
energy barrier which increases with the size of the facet has to be overcome. This 
model explains on the one hand that larger islands are kinetically limited and hence 
the nucleation of new islands is favoured, on the other hand that larger facets are 
growing slower which results in the observed elongated shape of the hut clusters. This 
Figure 2.5: Typical Ge island shapes obtained by STM. (a) A hut cluster with 
pyramidal shape, (b) a Ge dome and (c) a superdome cluster. The corresponding 
facet plots are shown on the right side. (image taken from [44]) 
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growth limitation on the shape of the huts is suspended by using higher growth 
temperatures where the formation of square shaped huts occurs. 
With further Ge deposition hut clusters undergo a number of shape transitions that 
finally results in the formation of multi-faceted islands, so called dome clusters [20, 
30, 35]. As indicated in Figure 2.5 (b) these dome clusters are bound by steeper (113) 
and (15 3 23) facets which allow them to grow larger and to relief more strain than 
(105) faceted hut clusters [36] while they are still coherent with the substrate [20]. 
Over a wide range of growth conditions SiGe islands show a bimodal size distribution 
with smaller hut clusters and larger dome clusters. This bimodal behaviour and the 
related shape transitions are described by an anomalous coarsening process [37-39] 
which is similar to Ostwald ripening. At a critical island volume the dome energy 
becomes lower than the pyramid energy (notice the crossings in Figure 2.4), resulting 
in an abrupt change of the chemical potential of an island and the described shape 
transition occurs. As far as some islands reach the critical volume for changing to the 
dome shape, the hut density starts to decrease. Huts which do not reach the critical 
volume start to shrink and disappear [40]. The kinetics of this anomalous coarsening 
process is very slow and can take up to hours as investigated during post-growth 
annealing [35, 38]. 
With further Ge deposition an extended coherent island shape, so called barns, with 
steep (111) facets is found [41, 42]. The dome to barn transition has strong similarities 
to the hut to dome transition described above. At even higher Ge coverage, strain 
relaxation occurs via plastic relaxation and coherent islands transform into large 
dislocated islands, so-called superdomes as shown in Figure 2.5 (c) [38, 43]. 
Additionally to the (113) and (15 3 23) dome facets, superdomes exhibit (111), (126), 
(4 20 23) and a (001) top facet [44]. STM investigations observe a (2 x 1) 
reconstruction of the (001) top facet, suggesting a full relaxation of the superdome 
lattice [44]. 
The described morphological transitions of the islands are driven by kinetic processes 
and hence strongly depend on the growth parameters, such as the growth temperature. 
In a bimodal distribution a higher growth temperature results in a relative increase of 
the dome fraction compare to the hut fraction because of the stronger surface diffusion 
[45, 46]. With increasing deposition temperature, Si/Ge intermixing also becomes 
more important as described in the next section. 
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2.2.2 Intermixing of SiGe QDs 
Intermixing of Si and Ge is almost inevitable inside the SiGe islands as well as in the 
WL (this is the reason why islands in this thesis are always referred as SiGe and not 
only as Ge islands). Intermixing leads to strong compositional and morphological 
changes which in turn affect the electronic and optical properties of the islands. 
Therefore, it is of utter importance to understand the underlying mechanism of the 
Si/Ge intermixing process. 
It is supposed that intermixing is initiated by strain relaxation and/or surface diffusion. 
Former argument is based on the observation of trenches around the islands which is 
an effective strain relaxation mechanism [47-49]. This trench formation allows atoms 
near the trench to relax their strain by moving laterally outward [50]. Liao et al. [48] 
proposed that the missing Si material from the trenches intermixes with the islands 
which result in further relaxation of the misfit strain. However, such bulk 
interdiffusion is kinetically limited and only evident at high growth temperatures (Tg 
> 600°C).  
The relevance of surface diffusion was first proposed by Denker et al. [51]. They 
employed selective Ge etching to determine 65% Ge isocompositional profiles of 
SiGe pyramids (the used H2O2 etchant is sensitive to a Ge content cGe > 65%). 
Subsequent SFM investigations revealed that only the corners of the pyramids remain 
after etching which agrees fairly well with simulations based on surface diffusion. In a 
later paper the same diffusion model was successfully applied to islands (huts and 
domes) fabricated at different growth parameters [52]. Thus, intermixing is always 
preferred at higher growth temperatures because of the larger surface diffusivity.  
Post-growth annealing results in further Si/Ge intermixing [38] and even to a lateral 
motion of dome islands [53-55]. Investigations of the “island footprints” after sel-
ective chemical etching identify a redistribution of the island. According to this, 
material leaves the island from one side and mixes with Si from the other side. Stoffel 
et al. demonstrated that the island motion is a consequence of elastic strain repulsion 
between neighbouring islands [54].  
For investigation of the electronic and optical properties of the islands, it is necessary 
to embed them in a Si matrix i.e. to create well-defined potential profiles and to 
prevent surface effects. Because of the unfavourable strain fields directly above a 
buried SiGe island, Si atoms tend to accumulate preferred between the dots, leading to 
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a planarization of the surface, provided that the Si capping layer is thick enough and is 
deposited at sufficiently high temperature. However, such a Si capping effects in turn 
the composition and the size of the islands and hence the strain relief. Sutter et al. [56] 
demonstrated, that Si capping at high temperatures (T=650°C) involves a shape 
change of hut islands. The huts expand laterally and incorporate a (100) top facet. 
Rastelli et al. [57] found even a complete reversal transition during capping as 
observed during SiGe island growth.  
2.3 Templated self-assembly 
SiGe self-assembly on flat substrates leads to random nucleation of non-uniform 
islands. At best, short-range ordering of islands is achievable for self-assembly on flat 
substrates [58]. To achieve long-range ordering it is required to modulate the chemical 
potential of deposited Ge adatoms in order to create preferred nucleation sites for the 
dots.  
Furthermore, on flat substrates mostly a bimodal size distribution of huts and domes is 
found as described in the previous section, whereas a preferred monomodal island 
distribution is achieved only under special growth conditions [59, 60]. However, a 
(periodic) modulation via template formation also influences the size distribution of 
the islands as the size of an island depends strongly on the area which is available for 
collecting Ge atoms. Previous work on the lateral as well as vertical alignment of 
SiGe QDs is discussed in the following. 
2.3.1 Lateral ordering 
The first demonstration of lateral ordering of SiGe QDs was found by overgrowth of 
slightly vicinal Si(100) substrates with miscut angles of around 4° along a (110) 
direction [3, 4]. Overgrowth of these substrates with Si results in step bunching under 
special conditions [61] perpendicular to the miscut angle of the substrate. Subsequent 
Ge deposition causes one dimensional ordering of SiGe islands with periodicity of the 
step bunches. Further studies [62] demonstrated that the island nucleation starts with 
the decoration of the step bunching regions with a “zigzag train” of adjacent (105) and 
(015) facets which is attributed to step meandering [63]. This instability leads to strain 
relaxation along and perpendicular to the miscut direction and simultaneously it 
minimizes the surface energy due to the transformation into low-energy (105) facet 
pairs. By using different substrate miscut angle and appropriate growth conditions the 
Basics 
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period and the height of the step bunches and hence the island nucleation can be 
controlled [62]. The advantage of this technique is the realization of ordered QDs over 
large areas without the need of sophisticated lithography. However, the feasible 
degree of ordering and uniformity of the islands by this technique is not sufficient for 
most applications. 
Long-range ordered SiGe islands are realizable by combining self-assembly with 
lithography techniques, so called templated self-assembly. One implementation of 
templated self-assembly is selective epitaxial growth using LPCVD [9, 64-67]. For 
this purpose SiO2 windows are lithographically fabricated into a SiO2 covered Si 
substrate. Si overgrowth of this template results in selective deposition inside the SiO2 
windows and finally to the formation of Si mesas. Subsequent Ge deposition leads to 
ordering of Ge dots along the mesa edges. The dot alignment is attributed to the strain 
fields induced by the SiO2 pattern. By varying the SiO2 pattern different island 
arrangements have been realized [66].  
Direct templated self-assembly without a SiO2 mask was first demonstrated for one-
dimensional line patterns [5, 68, 69], where a preferred nucleation at intersections of 
facet planes was found. Hereupon, the ordering of islands has been extended into two 
dimensions by using two-dimensional laterally ordered pit pattern prepared by 
holographic lithography and subsequent reactive ion etching (RIE). The MBE 
overgrowth of such a two-dimensional pattern results in the nucleation of one island 
in each pre-patterned pit [7, 70]. In later publications also pre-patterned substrates 
prepared by e-beam- [71, 72], FIB- [6, 73] and photo-lithography [74, 75] have been 
used for the creation of well aligned two-dimensional dot arrangements with periods 
ranging from 200 nm [6] to 1000 nm [75].  
From a thermodynamical point of view the preferential nucleation at the bottom of the 
pits derives from the capillarity effect which is induced by a gradient in the chemical 
potential due to the non-planarity of the substrate [76-78]. The local chemical 
potential µ  of a patterned surface can be written as [79, 80]: 
)1(),(),(),( 0 yxEyxyx SΩ+Ω+= γκµµ  
with 0µ  the chemical potential for the plane surface. The second term in (1) gives rise 
to capillarity effects. It describes the contribution of the surface curvature κ , with Ω  
the atomic volume and γ  the orientation dependent surface free energy. The third 
term describes the change of the local strain energy SE  at the surface. For a 
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completely faceted profile it is convenient to write the chemical potential jµ of 
facet j , which is bounded by N other facets, as [76, 81] 
)2()cotcsc(
1
0
0 i
N
i
jijjii
j
j lA ∑
=
−
Ω
+= θγθγµµ  
where jA  is the area of facet j, jiθ  is the angle between facet j and i and il  denotes 
the length of facet i. For the geometry of Figure 2.6, with a top (t), sidewall (s) and 
bottom (b) facet, one derives from equation (2) that  
)3(,, 00000
b
bs
t
t ll
Ω
−==
Ω
+=
γµµµµγµµ  
where 
( ) )4(cotcsc2 θγθγγ bs −=  
and tb γγ = , since they have the same orientation. Equation (3) shows that 
bst µµµ >>  (also sketched at the bottom of Figure 2.6). It is evident that a patterned 
substrate is not an equilibrium structure and capillarity forces will drive mass transfer 
towards the bottom region, consequently, an increase of the growth rate at the bottom 
occurs.  
In addition, the growth kinetics of the addimers (the migrating units on a 
reconstructed surface are mainly the addimers [82, 83]) should be clearly in mind. For 
a preferential addimer diffusion to the bottom of the pits a sufficiently high diffusion 
Figure 2.6: Cross section of a pit composed of top (t), bottom (b) and sidewall (s) 
facets. The trend of the chemical potential µ is illustrated in the lower part of the 
picture. (from [78]) 
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length is required that should be of the order of the pit period [74]. The surface 
diffusion length L of an adatom moving on a planar substrate is given by [83] 
( ) ( ) )5(/exp, 22/1 TkEaDDL Ba−== ντ  
where D is the diffusion constant, τ  labels the diffusion time, a is the surface lattice 
spacing (3.84 Å), ν  is a prefactor (about 1013 s-1), Ea denotes the activation energy of 
each hop of an addimer and T corresponds to the growth temperature. Once an 
addimer reaches a step edge of a pre-patterned pit, a higher activation energy has to be 
applied to hop over the step because of the so-called Ehrlich-Schwöbel barrier [84, 
85]. Theoretical calculations [86, 87] have demonstrated that this barrier is smaller for 
Si-addimers migrating downward than upward which results in a net-flux to the pit 
bottom. A similar behaviour is expected for Ge-Si or Ge-Ge addimers [69], since the 
chemical and electronic properties of Si and Ge are very similar. 
In a recent paper from Chen et al. the initial stage of island nucleation inside pre-
patterned pits has been investigated [72]. After the deposition of few ML of Ge a 
complex morphology of the pit sidewalls oriented along (110) direction is found. The 
(11n) sidewalls convert into a set of ridges consisting of (105) facets oriented along 
the (110) direction of sidewall inclination. This process is identical to the initial island 
nucleation on vicinal substrates, which is driven by a step meandering instability as 
described above. Additionally the concave intersections between neighboring 
sidewalls transform into short (105) facets separated by (001) oriented terraces. The 
coverage of the pit surface with mainly (105) facets has strong impact on the adatom 
migration to the pit bottom, since the adatom mobility on a (105) facet is significantly 
enhanced and almost isotropic [88]. 
As a consequence of the preferred diffusion of Ge atoms to the bottom of the pits, the 
critical Ge coverage of island nucleation is decreased on pattern substrates compared 
to flat substrates. Furthermore, the size distribution of islands on patterned substrates 
is significantly narrower than for islands grown on flat substrates, which is mainly 
attributed to the periodic arrangement of the pits. Zhong et al. [70] considers the 
patterned surface as composed of unit cells of equal area, each cell includes one pre-
patterned pit. Thus, only Ge atoms deposited within these unit cells can take part at 
the island formation of the corresponding pits and consequently the number of 
deposited Ge atoms per pit should be equal. This notion points out the importance of 
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the lithography, since island uniformity depends strongly on the feasibility to create 
identical pit morphologies. 
On pre-patterned substrates a similar evolution of the dot morphology is found as on 
flat substrates, except for the big advantage that only one of the equilibrium shapes is 
formed (no bimodal distribution as for unpatterned substrates). With increasing Ge 
coverage the islands evolve from pyramids to domes and further into barns and 
superdomes [75]. Also a new coherent island shape was observed; pyramids with 
steep (111) facets which evolve from dome-shaped islands [89]. Calculations indicate 
that the Ge deposition on pre-patterned substrates can induce less misfit strain than on 
flat substrates, which allows the formation of such coherent islands with a very high 
aspect ratio [89]. 
2.3.2 Vertical ordering 
A vertical arrangement of SiGe QDs can be achieved by stacking of Si/Ge layers. The 
Si capping of a buried QD induces tensile strain into the part of the Si layer covering 
the QD. The next Ge layer is affected by this strain field and the islands tend to 
nucleate in those areas of the Si spacer layer which are under tensile strain, since the 
in plane lattice constant is larger in these areas which leads to a better match to the Ge 
lattice constant. The degree of vertical alignment depends strongly on the thickness of 
the Si spacer layers between the island layers as well as the size of the dots [90, 91]. 
In general, larger islands generate stronger strain fields which penetrate deeper into 
the Si spacer. Hence, for vertical stacking of larger dots, e.g. domes, thicker spacer 
layers can be used than for smaller dots, e.g. huts. Additionally, the island size 
increases with the number of deposited layer due to the superposition of strain field 
which leads to a reduction of the critical thickness of island formation in the 
subsequent layers [92, 93]. 
Teichert et al. demonstrated that the island size becomes more uniform and the island 
spacing becomes more periodic after multilayer growth [94]. This has been confirmed 
by Monte Carlo simulations [95, 96]. The calculations imply that it is not mandatory 
that the minimum of the chemical potential is directly above the buried QD. In fact, it 
is possible that just one dot will nucleate above two dots which are close together. 
Furthermore, in the case that two dots are far away from each other an additional 
chemical minimum might occur between the islands. This process leads first to a 
quasi-periodic arrangement and further to a reduction of the size dispersion. 
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2.4 Optical properties of self-assembled QDs 
 
The optical properties of Si and Ge are limited due to their indirect band gap which 
prevents an effective radiative recombination. The band structures of both elements 
are shown in Figure 2.7 [97]. For both materials the maximum of the valence band is 
fourfold degenerated and located at the Γ point (center of the Brillouin zone, k = 0). 
The four corresponding energy bands differ by spin and effective mass, two of them 
are referred as heavy holes (HH) and two of them are called light holes (LH). The 
conduction band minimum of Si (∆ valley) is located along the [100] direction in 
reciprocal space between the Γ and Χ points, whereas in Ge the conduction band 
minimum is situated in the L point along the reciprocal [111] direction. The indirect 
band gaps are estimated to 1170 meV for Si and 744 meV for Ge. In indirect 
semiconductors a phonon is required for radiative recombination in order to 
compensate the momentum difference between conduction band minimum and 
valence band maximum, as the momentum of the photon is orders of magnitude lower 
than the momentum difference between electrons and holes. However, the probability 
Figure 2.7: Band structure of Ge (left) and Si (right). Image taken from [97]. 
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of such a three particle process is very low and hence the efficiency of radiative 
recombination much smaller than for direct semiconductors.  
A way to improve the optical properties of Si and Ge is by carrier confinement in 
SiGe QDs. Through the localization of carriers in these quasi zero-dimensional 
structures the uncertainty of the carrier momentum is increased and hence the 
probability of optical transitions without the assistance of phonons is enhanced. SiGe 
QDs which are embedded in a Si matrix have a type II band alignment leading to 
separation of the charge carriers as sketched in Figure 2.8. Thus, electrons are 
confined in the strained Si in the surrounding of the QDs, whereas holes are confined 
inside the QDs [98-100]. The resulting recombination energy depends strongly on 
size, shape, strain and composition of the SiGe islands. For instance, let us assume 
two QDs of different sizes (see Figure 2.8). In the smaller dot the energy level of the 
holes is closer to the valence band edge of Si compared to the larger dot, which leads 
in case of recombination to a higher energy of the emitted photon. A similar 
behaviour is found for two dots with different Ge concentration. For a dot with lower 
concentration the energy level shifts closer to the Si valence band edge and a photon 
with higher energy will be emitted compared to a dot with higher Ge concentration. 
This non-resonant photon emission results in a broad energy distribution of self-
assembled SiGe islands as examined in many cases by means of photoluminescence 
(PL) measurements. Singularities of optical transitions, like discrete lines from 
excitonic states, are smeared out because of the broad energy distribution and are if at 
all only hardly observable.  
So far, the effects of island size, intermixing and post-annealing on the optical 
properties of SiGe QDs have been investigated. Increasing the Ge coverage leads to a 
redshift of the dot related luminescence signal because of the larger size of the dots 
[101, 102]. Signature of smaller PL energies is also observed by reducing the growth 
temperature of the dots [103] or the Si capping layer [104], due to lower Si/Ge 
intermixing. Post annealing induced intermixing in SiGe dot structures results in a 
blueshift of the PL signal [102, 105]. The mentioned PL studies imply that tuning of 
the growth as well as post-growth parameters allow the adjustment of the 
luminescence. So far, SiGe island-related luminescence signal was found between 600 
meV and 950 meV.  
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Schmidt et al. analyzed [106] and calculated [107] the band edge alignment in stacked 
layers of self-assembled SiGe islands. In a dot stack the strain fields of all island 
layers superimpose which increases the net strain towards the surface. Especially for 
closely packed islands a strong increase of the net strain is expected because the short 
vertical distances avoid an attenuation of the strain fields. This strain modification in 
stacked layers changes the band alignment in the surrounding of the dots and leads to 
lower recombination energy. Additionally, the inhomogeneous strain fields cause 
different recombination energies in the several layers which lead to an even stronger 
broadening of the PL line compare to a single layer sample. 
To recapitulate, from self-assembled QDs, a rather wide energy spectrum is usually 
observed, owing to the broad size distribution of the QDs. In contrast, from arrays of 
“identical” QDs an emission in a resonant mode is expected, since each dot emits at 
the same energy. As described in section 2.3, more or less identical dots can be 
created by means of templated self-assembly. However, so far only few publications 
strained Si 
Ephoton Ephoton 
Ephoton 
E 
Ec 
Ev 
x 
Ge content ↑ larger dot 
Figure 2.8: Schematic diagram of SiGe QDs with type II band alignment. The 
recombination energy depends on the size and the Ge content of the QD. If the size 
or the Ge content increases, the hole levels shift to higher energy and hence the 
recombination energy decreases. Different strain in the dots of different sizes will 
lead to a modification of the Si band structure around the dot, in this respect the 
figure is misleading. 
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are reported on the optical properties of ordered QD structures. Zhong et al. [7] found 
a decrease of the PL intensity in the structured area caused by the lower dot density 
compared to the unpatterned area. Vescan et al. [67] found narrower PL peaks of 
ordered islands than from random islands. This effect is attributed to the strong 
island–island interaction in one-dimensional island rows. 
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3 Extreme ultra-violet interference lithography 
Templated self-assembly is currently the only method to create uniform and well 
aligned QD arrays. In this thesis, extreme ultra-violet interference lithography 
(EUV-IL) has been chosen for the pre-patterning of the Si substrates. This 
technique provides the required pattern resolution, uniformity, size of the 
patterned area and throughput. In the following the principles of the EUV-IL 
technique are described and a detailed description of the processing steps is 
presented. 
 
So far reasonable templates for creating QD structures have been obtained by using e-
beam- [71, 72], FIB- [6, 73], optical interference- [7, 70] and photo-lithography [74, 
75]. In the first two approaches a pattern is written for the nucleation site of each 
individual dot sequentially, the optical interference- and photo-lithography technique 
allows the parallel patterning of large areas with a single exposure. In this work a 
suitable volume of substrates with well-defined, high resolution nano-patterns, created 
over sufficiently large areas were required. Clearly, e-beam or FIB lithography are not 
the methods of choice for the preparation of the pre-patterned substrates, since these 
methods are too time consuming. Furthermore, in serial writing approaches 
uniformity problems might occur, for instance due to proximity and charging effects. 
Hence, the reproducibility and determination of the pattern is limited. The 
disadvantage of optical interference or conventional photo-lithography is its low 
resolution as it is determined by the wavelength of the employed light. By using a 
wavelength of λ > 300 nm it is only possible to generate templates with periodicities 
above 150 nm. 
A dedicated lithography technique for the templated self-assembly approach is 
extreme ultra-violet interference lithography (EUV-IL). The EUV-IL technique is 
based on multiple-beam interference of EUV light diffraction masks. Our EUV-IL 
setup (XIL - beamline) at the synchrotron of the Paul Scherrer Institute (PSI) has been 
proven to be capable of fabricating structures with periodicities down to 22 nm [108]. 
The created patterns have excellent uniformity and are well reproducible. 
Furthermore, an area of several square millimeters can be produced within seconds, 
which is significantly faster than with e-beam or FIB lithography.  
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The EUV-IL setup at the PSI has been used in numerous applications, e.g. for the 
development of next generation EUV lithography resists [109, 110], for the 
fabrication of metallic [111] and magnetic nanostructures [112], radiation grafting of 
polymers [113], guided self-assembly of block copolymers [114] or the holographic 
fabrication of Fresnel zone plates [115]. In the next paragraph the principles of the 
EUV-IL technique will be shortly described. For a detailed discussion about the EUV-
IL technique it is recommended to study the review by H. H. Solak [116]. 
Figure 3.1: EUV-IL setup (XIL – beamline) at the SLS. 
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3.1 Principles of EUV-IL 
Interference lithography (IL) is based on the recording of interference fringes 
generated by mutually coherent light beams, in the simplest case by interference from 
two plane waves forming a standing wave with a period p which are given by 
θ
λ
sin2
=p  
where θ is equal to half of the angle between the propagation directions of the two 
beams. Hence, the ultimate resolution (period of the pattern) in interference 
lithography is equal to λ/2. In the visible and ultra-violet regions lasers are mostly 
used as light source for IL, since their beams are highly coherent. In the extreme ultra 
violet (EUV) regime only synchrotrons provide currently adequate beams for IL in 
terms of coherence and power. Modern synchrotron sources can provide fully 
coherent radiation up to ~ 100 eV, with output fluxes that satisfy the requirements of 
high-volume EUV-IL throughput tools. 
The EUV-IL setup (XIL-beamline) at the Swiss Light Source (SLS) at the Paul 
Scherrer Institute is shown in Figure 3.1 The exposure chamber of the beamline is 
located in a class-1000 clean room. The samples are exposed in vacuum (~10-6 mbar) 
Figure 3.2: (a) Two and (b) four beam interference schemes for printing line and hole 
patterns, respectively. 
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because of the strong absorption of EUV light in air. The exposure chamber situates a 
motor driven stage for the samples and the diffraction mask as well as apertures and 
diagnostic devices. The beamline uses a wavelength of 13.4 nm which allows an 
ultimate resolution (in period) of below 7 nm. This wavelength is chosen since the 
EUV lithography technology [117] which is one of the leading candidates for the next 
generation lithography technologies (32 nm node) uses this wavelength [118]. 
Our EUV-IL setup works with a diffraction grating based wavefront division scheme 
to form the desired intensity pattern on the Si substrates [119, 120]. The schematic is 
illustrated in Figure 3.2. The focused EUV-IL beam from the synchrotron is diffracted 
by the interference mask which consists of two or more diffraction gratings. The first 
order diffracted beams from the gratings overlap and interfere at a certain distance 
along the beam direction, where the resist coated substrate has to be positioned. For 
instance, a mask with two gratings allows the creation of periodic patterns with half 
the period of the diffraction gratings (Figure 3.2 (a)). The area of the created pattern is 
the same as the area of the individual gratings. A scanning electron microscopy 
(SEM) image of a line pattern which was produced with the described two beam 
interference method at the XIL beamline is shown in Figure 3.3. The lines have a 
period of 22 nm which represents the pattern with the smallest periodicity produced 
by photons so far [108]. 
 
Figure 3.3: SEM image of the world smallest structures recorded with a photon 
beam. The lines have a period of 22 nm and were printed in hydrogen silsesquioxane 
(HSQ) resist. 
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Figure 3.4: (a) Image of a EUV-IL membrane (Mask No M314) which is glued into 
a mask holder. The four diffraction gratings are clearly visible. The exposed area of 
this mask after development is shown in the optical micrograph of panel (b). The 
field in the centre contains the patterned area (pits with a period of x = 90 nm, y = 
100 nm) created by the first order diffracted beams. The centre field is surrounded 
by four fields from the undiffracted beams. (c) Micrograph of a multi-period mask 
(Mask No. M289) after development. The fields on the left (right) side contain pit 
patterned areas with a period of 42 nm (35 nm).  
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The EUV-IL technique is not restricted to the interference of two plane waves, it is 
also used in multiple-beam IL exposure schemes (Figure 3.2 (b)) in order to create 
two-dimensional structures such as arrays of dots or holes [120, 121], which are solely 
used in this thesis. Figure 3.4 (b) shows a micrograph of a EUV-IL field which was 
exposed with a fourfold beam mask (Mask No. M314). The field in the center 
includes the two-dimensional structures prepared by interference of four first order 
diffracted beams and is surrounded by four fields created from the undiffracted beam. 
It is also possible to place pairs of diffraction gratings with different periods on a 
single mask in order to create multi-period pattern simultaneously in one exposure 
step. Such a multi-period mask (No. M289) was used to create the patterned fields in 
Figure 3.4 (c). 
The diffraction grating masks are made on SiNx and Cr films which are coated on a Si 
substrate. The gratings are written into the Cr film by means of e-beam lithography. 
Subsequently, the Si underneath is removed so that the Cr gratings sit on free standing 
SiNx membranes of approximately 200 nm thickness. In general the EUV-IL 
diffraction efficiency of the membranes depends on the thickness of the grating metal 
layer as well as the material, e.g. Cr. An image of such a membrane which is glued 
into a mask holder is illustrated in Figure 3.4 (a). 
 
3.2 EUV-IL pre-patterning procedure 
In the following the process sequence of EUV-IL template preparation is explained.  
1. The Si or SiO2 substrates are spin-coated with 1 : 6 polymethyl-methacrylate 
(PMMA, chain length 600 kDa) : chlorobenzene resist and subsequently baked 
at 170 °C for 3 min. For most of the pattern a resist thickness of about 60 nm 
was used, for high-resolution patterns (period smaller than 50 nm) the resist 
thickness was adjusted to 45 nm.  
2. The PMMA coated substrate is transferred into the vacuum chamber (vacuum 
during exposure ~ 6101 −⋅ mbar) of the XIL-beamline and exposed with the 
desired EUV-IL patterns. A crucial parameter is the exposure dose which 
strongly depends on the EUV-IL diffraction mask. Suitable patterns are only 
achieved in a certain dose range and within this range the shape of the 
structures vary slightly for different exposure doses. Typically several doses 
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were used for each exposure scheme in order to find best match with the later 
epitaxial overgrowth. 
3. Subsequently, the patterns are developed for 45 seconds with a 1:3 methyl-
isobutylketone (MIBK) : isopropyl alcohol (IPA) solution. Mostly this step 
was performed at room temperature (RT) inside a HAMATECH (Steag-
HAMATECH HME 500) developing machine. Only the high-resolution 
patterns were developed manually at lower temperatures. Such a cold 
development has been proven to improve the resolution of resist that are 
exposed by polymer chain scission [122, 123]. This different procedure is 
required for the high resolution patterns since periodicities smaller than 50 nm 
are close to the resolution limit of PMMA resist. 
4. The transfer of the pattern into the Si is performed by reactive ion etching 
(RIE) using an Oxford Plasmalab 100 from Oxford Instruments. The provided 
gas lines (SF6, CHF3, O2, Ar) make the Oxford suited for materials that can be 
etched by fluorine-based processes (e.g. Si) as well as oxygen based processes 
(e.g. PMMA). Table 3.1 gives the used RIE standard recipe for Si and SiO2 
etching. Depending on the used EUV-IL pattern the etching time was varied 
between 1 – 3 minutes. Directly after the Si or SiO2 etch, oxygen plasma is 
started to remove the residual PMMA resist. The RIE creates shallow patterns 
of 8 – 25 nm depth on the Si surface. 
 
 
Material O2 (sccm) 
CHF3 
(sccm) 
SF6 
(sccm) 
Pressure 
(mTorr) 
Power 
(Watt) 
Temperature 
(K) 
Si 5 40 2 20 25 300 
SiO2 5 40 - 40 35 290 
 
Table 3.1: Standard recipe for Si and SiO2 etching. 
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In this thesis, a variety of two-dimensional templates have been produced. The 
templates differ in period of the pits, size of the structured area as well as in shape of 
the pre-patterned pits. Table 3.2 gives an overview of the most important parameters 
of the used patterns and Figure 3.5 shows SFM images2 recorded after development 
and RIE of some of the patterns. 
 
Mask 
No. 
Period 
[nm] 
Structured area 
[µm × µm] 
Suitable dose range 
[mW/cm2] 
M73 280 400 × 400 40 – 500 
M314 x = 90, y = 100 700 × 770 110 – 200 
M400 70 100 × 100 200 – 350 
M239 multi-period mask 49, 42, 35 
each period: 
25 × 25 
development at T = -8°C 
380 - 600 
M289 multi-period mask 42, 35 
each period: 
30 × 30 
development at T = -8°C 
650 - 850 
 
Table 3.2: Parameters of the used EUV-IL masks. 
 
As already mentioned the shape of the pre-patterned pits can be varied by changing 
the EUV-IL exposure dose. This is clarified in Figure 3.5 (a), (b) for a pattern with a 
periodicity of 280 nm and in (c), (d) for a pattern with a periodicity of 90 nm in x-
direction and 100 nm in y-direction. The patterns in (a), (c) were created with a lower 
exposure dose than the patterns in (b), (d), respectively. Clearly, a broadening of the 
pit diameter is observable for the patterns generated with a higher dose. In section 5.5 
it will be shown, that such template variation significantly affects the epitaxial 
overgrowth. 
                                                   
2
 The SFM images in this thesis were recorded with a Veeco Dimension 3100, tips: f ≈ 300 kHZ, spring 
constant C = 40 N/m 
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High resolution patterns with a periodicity of 35 nm are shown in Figure 3.6 (a), (b). 
Both patterns were exposed in the same run, but a different development temperature 
was used. The pattern in (a) was developed at RT, whereas the pattern in (b) was 
developed at minus 10°C. A drastic improvement of the pattern resolution with an 
excellent pattern definition is observable due to the cold development method. 
Figure 3.5: 2 µm × 2 µm SFM images of EUV-IL patterns with a periodicity of (a), (b) 
280 nm, (c), (d) 90 nm/100 nm after development and RIE treatment, but before 
Si/Ge epitaxy. The patterns in (b), (d) were exposed with a higher EUV-IL exposure 
dose compared to the pattern in (a), (c) which results in a broadening of the pit 
diameter. 
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.
Figure 3.6: 500 nm × 500 nm SFM images of EUV-IL patterns with a periodicity of 35 
nm. The patterns were developed at (a) RT, (b) -10°C. The pattern resolution in (b) is 
clearly improved due to the cold development.  
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4 SiGe epitaxy 
The SiGe structures in this thesis are mainly grown by molecular beam epitaxy 
(MBE), but also the deposition with a low pressure chemical vapour deposition 
(LPCVD) is tested. The basic principles of both techniques are described in the 
following.  
 
MBE and CVD are the most relevant techniques for the fabrication of semiconductor 
heterostructures. The main advantages of the MBE is the better control of the growth 
rate which allows the preparation of layers with sub-ML thickness, and the wide 
working temperature range (300 °C – 1000 °C). The later point is important for low 
temperature processing in order to avoid Si/Ge intermixing. Furthermore, the 
preparation of QD arrays with small dots (huts) requires the deposition at low 
temperatures.  
CVD is the most relevant process for thin film deposition, because of the fast 
deposition rate and the high capacity of modern CVD setups. The CVD, which are 
mostly low pressure CVD (LPCVD) setups, have a higher working temperature than 
the MBE (500 °C – 1000 °C). Nevertheless, it has been shown that Si/Ge intermixing 
can be suppressed by deposition under hydrogen atmosphere even for high 
temperature (up to 800°C [124]). Furthermore, selectively grown Ge dots in oxide 
patterns are realizable with CVD, which allows the fabrication of SiGe QDs 
surrounded by an insulating SiO2 matrix. 
 
4.1 MBE deposition 
The principle idea of the MBE technique is the formation of an atomic beam directed 
towards a substrate on which the atoms are deposited in an ordered way. The 
calibration of a MBE is relatively easy since the growth rate depends only on the 
fluxes of the Si and Ge beams and is independent of the growth temperature. The 
processing in the ultra-high vacuum (UHV) regime ≤ 10−9 mbar is mandatory to 
guarantee an undisturbed atomic beam without collision with residual atoms as well 
as to prevent incorporation of impurities from residual gases [125]. A cross section of 
the used MBE system (Balzers UMS 500) is shown in Figure 4.1. The solid Si and Ge 
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sources are placed in Si shielded, water cooled Cu crucibles and consist of single 
crystals of high purity (Si: 99.9999%, Ge: 99.9999%, Holm Siliciumbearbeitung). The 
atomic beams are generated by means of electron beams by evaporation of the source 
material. The deposition time is controlled by closing/opening of pneumatic shutters. 
The Si and Ge fluxes of the electron beam evaporators are controlled by the emission 
currents of the filaments as well as by the focus of the e-beams on the solid sources. 
The fluxes are permanently recorded by a quadrupole mass spectrometer. Its signal 
enters a feedback loop in order to regulate the actual flux exactly to the set point value 
by changing the electron emission current and the focus of the electron beams. This 
approach allows a fast change of the atomic fluxes as well as flux stability and flux 
accuracy. Furthermore the MBE system is equipped with a high temperature effusion 
cell for p-type doping with boron, a low temperature effusion cell for n-type doping 
with antimony and a carbon sublimation source. The effusion cells are driven at 
constant temperature using a constant filament current adjusted by Eurotherm 
controllers. The substrate (whole four inch wafer or smaller chip) is placed upside 
down in a four inch substrate holder, directly below a graphite filament which allows 
Figure 4.1: Cross-section of the used MBE system. 
 
1) Electron beam evaporators for Si 
and Ge 
2) Carbon sublimation source 
3) High temperature effusion cell 
for boron and low temperature 
cell for antimony doping 
4) 4” Si substrate 
5) Liquid nitrogen cooled cryopanel 
6) Water cooling-/heating- jacket 
7) Substrate heater, pyrolithic C 
filament 
8) Mass spectrometer for Si and Ge 
flux control and residual gas 
analysis 
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heating up to 1000°C. The temperature of the filament is measured with a 
thermocouple mounted directly above the heater. The long distance between sources 
and substrate of about 0.5 m guarantees good uniformity of the epitaxial layers over 
the whole wafer. The sources and the heater are equipped with water cooled 
shieldings to reduce the heat load of the MBE chamber. To improve the pressure 
during growth, a cryogenic shield cooled by liquid nitrogen is mounted above the 
sources. The MBE chamber is pumped with a turbo molecular pump combined with a 
Ti sublimation pump which achieves a base pressure of ~1 · 10-10 mbar. 
 
4.2 LPCVD 
The CVD is the most common technique for thin film deposition processes. In a CVD 
process one or more volatile precursors react chemically with a hot substrate surface 
in order to produce a nonvolatile solid that deposits atomically on the substrate. The 
difficulty in a CVD process is that growth rate and composition of the deposited 
material depend strongly on the partial pressures of the involved species as well as the 
operating temperature. The variation of one parameter might already drastically 
change the deposition rates. Hence, a careful calibration of the CVD is of enormous 
importance.  
CVD is suitable for selective epitaxy, as the deposition is based on chemical 
processes, which are surface sensitive. Hence, CVD is useful for realizing SiGe QDs 
onto Si/SiO2 substrates with well-defined Si areas in which the SiGe QD growth takes 
place. 
In this work a LPCVD system at the Research Center Jülich was used for the 
deposition of Si/Ge structures on either bare Si(100) or selectively inside windows of 
oxidized Si(100) substrates. The growth was performed at 680-700°C using 22 HSiCl  
and 4GeH  as reactive gases in an H2 atmosphere at a pressure of 1.0=totp  Torr. The 
corresponding chemical reactions are: 
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4.3 Sample treatment prior to epitaxy 
For epitaxial deposition it is of enormous importance that the substrate surface is free 
of contaminations or particles to avoid any kind of impurities. Thus, before 
transferring the Si(100) substrates into the epitaxy chambers they are carefully 
cleaned using a three step process: 
1. The substrates are put into a Caros etch ( 2242 :1:2 OHSOH ) for 10 minutes 
at 90°C to remove organic materials from the surface by oxidizing the surface.  
2. The remaining acid is removed by flushing the wafers in deionized water.  
3. Subsequently the substrates are dipped for 2 minutes into aqueous 
hydrofluoric (HF) acid solution (5%). The dip removes the silicon oxide from 
the surface and passivates the dangling bonds at the surface with hydrogen1. 
The hydrogen passivation protects the surface against oxidation in ambient 
conditions for times of few minutes.   
This three step procedure is repeated two times. Immediately after the cleaning 
procedure the substrates are placed into the epitaxy chambers. Further improvements 
of the surface quality are achieved by in-situ annealing inside the growth chambers. 
Inside the MBE chamber an in-situ annealing for 5 min at 550°C is performed. This 
temperature is sufficient to desorb residual organic compounds as well as hydrogen 
from the surface which occurs at around 500°C [126].  
Inside the LPCVD chamber the substrates are treated by an in-situ annealing at 850°C 
- 900°C. It has been demonstrated that this temperature improves the epitaxial quality 
of LPCVD grown samples [127]. It is worth mentioning that such a high temperature 
step would lead in a MBE to a planarization of the pre-patterned Si surface due to 
thermally activated diffusion of the Si atoms. The hydrogen ambience in the LPCVD 
chamber suppresses the Si diffusion [124] and only a smoothening of the hole profiles 
occurs at this high annealing temperatures. 
                                                   
1
 The oxidized substrates for selective deposition are only dipped in 1% HF solution in order to prevent 
complete removal of the oxide layer.   
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5 Preparation and structural characterization of 
SiGe QD arrays 
This chapter concerns with the epitaxial overgrowth of the EUV-IL prepatterned 
Si substrates. It gives a detailed description about the required deposition steps 
for the fabrication of ordered SiGe QD structures. A main aspect will be the 
discussion of the interplay between the template design and the overgrowth 
parameters, which has to be perfectly harmonized in order to achieve uniform 
QD arrays. QD arrays of different periods, arrangements, dot sizes and dot 
shapes are fabricated by templated self-assembly. In particular, for the first 
time ordered QD structures with periodicities of sub-100 nm are created. By 
subsequent stacking of Si/Ge layers the formation of three-dimensional SiGe 
QD crystals is realized where the islands are exactly aligned in vertical as well 
as in lateral direction. 
 
SiGe QDs are proposed for a wide range of applications which implicates that QD 
arrays have to be designed and manufactured differently for different 
implementations. Especially position, periodicity, size and shape of the QDs have to 
be controlled in order to ensure external addressability and/or identical electronic 
properties of the QDs. The control over position, size and shape of the QDs can be 
achieved by tuning the growth parameters, such as temperature, amount of material or 
deposition rates as well as the lithography parameters, i.e. periodicity, size and shape 
of the created pits. The two fabrication steps, lithography and deposition, are linked, 
because the self-assembly process that occurs during deposition is directly influenced 
by the template, e.g. larger pit distances imply larger area for collecting atoms by a 
single pit. Therefore bigger dots will be observed for patterns with larger periodicities 
by identical material deposition. A detailed description about these coherences is 
given in the following.  
The structural properties of the QD structures are investigated with scanning force 
microscopy (SFM) in tapping mode (Veeco Dimension 3100), scanning transmission 
electron microscopy (STEM, Philipps CM30, 300keV) and x-ray diffraction (XRD) 
measurements performed at the ESRF in Grenoble. 
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5.1 Si buffer layer 
The MBE deposition sequence of all samples starts with the growth of a Si buffer 
layer. This step has two reasons: On one side it eliminates surface roughness and 
damages from the reactive ion etching and on the other side the Si buffer modifies 
significantly the morphology of the pre-patterned pits. This fact is explained on basis 
of the EUV-IL patterns which were already shown in Figure 3.5, in section 3.2, where 
the impact of the EUV-IL exposure dose on shape and size of the pre-patterned pits 
was clarified. Figure 5.1 shows the same pattern sequence as in Figure 3.5 after the 
deposition of a 50 nm thick Si buffer at 410°C. The pits of all patterns shrunk in size 
and are much shallower after deposition of the buffer layer. The line-scans of the 
pattern with a period of 280 nm show that for a lower exposure dose (Figure 5.1 (a)) 
the pits have “V”-shaped profiles with (10n) faceted sidewalls, 5 ≤ n ≤ 7. For higher 
exposure doses (Figure 5.1 (b)) they become truncated with large (001) bottom facets 
and steeper sidewalls. The pit depth reduces from 16 nm - 18 nm to 10 nm - 12 nm 
after buffer deposition.  
Figure 5.1 (c) shows 90 nm/100 nm period patterns generated with a lower exposure 
dose after Si buffer layer deposition. A transformation into narrow pits with a depth of 
3 nm - 5 nm occurs. The Si surface around the pits is smooth. For the pattern 
illuminated with a higher dose (Figure 5.1 (d)) an even more complex structure is 
found. Because of the higher dose the size of the pits is slightly larger. Hence, the 50 
nm thick Si buffer is not sufficient in order to flatten the surrounding of the pits. Now, 
they are linked to each other by grooves, which are aligned along the (110) directions 
of the Si (100) substrate. Most likely the sidewalls of the grooves are (111) faceted, 
since those are the slowest growing planes in Si.  
The results demonstrate that the Si buffer layer generates well defined pit 
morphologies, to what extent they are practical for the subsequent SiGe QD 
deposition is discussed in the next sections. Finally, it is worth mentioning that a too 
high growth temperature (> 450°C) of the Si buffer results in a complete flattening of 
the pre-patterned pits which has to be avoided. 
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Figure 5.1: 2 µm × 2 µm SFM scans and corresponding line-scans of EUV-IL patterns 
with a periodicity of (a), (b) 280 nm and (c), (d) 90 nm/100 nm after MBE deposition of a 
50 nm Si buffer. The patterns differ in the EUV-IL exposure dose: (a), (c) lower dose 
and (b), (d) higher dose (for comparison: Figure 3.5 shows the same image sequence 
without Si buffer). 
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5.2 SiGe QD arrays: unpatterned vs. patterned 
The Ge layer deposition starts directly after the growth of the Si buffer without any 
growth interruption in order to prevent incorporation of impurities. For all samples the 
Ge deposition temperature was ramped from the Si buffer temperature which was 
mostly 410°C to the desired final temperature (Tf,Ge) within 70s. A temperature-time 
diagram which shows the several epitaxy steps is depicted in Figure 5.2. 
 
The most important parameter for the fabrication of ordered QD structures is certainly 
the patterning itself. As described in section 2.3 the preferential nucleation at the 
bottom of the pits derives from capillarity effects, which are induced by a lowering of 
the chemical potential at the bottom of the pits [76, 78]. In the following the evolution 
of SiGe islands in unpatterned and patterned (template period: 90 nm/100 nm) areas is 
discussed.  
The preferred island nucleation at the bottom of the pits is already observable during 
the WL formation. The STEM image in Figure 5.3 (a) is recorded from a sample with 
a nominal Ge coverage of 2 ML, which were additionally capped with a Si layer at 
400°C to minimize destructive effects from the TEM preparation (the TEM analysis 
of this thesis are performed by Elisabeth Müller from the ETH Zürich). SFM 
measurements from a flat part of the sample indicate that this thickness is still below 
the critical thickness of island formation. This is also valid for the patterned area. In 
fact, the STEM gives rise to the assumption that the patterned pits are preferred sites 
for Ge nucleation. In the patterned region the thickness of the WL is periodically 
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Figure 5.2: Epitaxial steps inside the MBE chamber: 1. Pre-annealing, 2. Si-buffer 
deposition, 3. Ge-layer deposition. 
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Figure 5.3: Evolution of SiGe islands. (a) STEM image of a nominal 2 ML thick Ge 
WL grown on pit patterned Si(100). The preferred Ge accumulation inside the pits 
results in periodic thickness variations of the WL. (b), (c) 1 µm × 1 µm SFM images 
recorded after deposition of nominally 3 ML Ge on (b) non-patterned part and (c) 
patterned part of a Si substrate.  
modulated because of preferred Ge accumulation inside the pits [128]. Hence, the WL 
inside the pits is slightly thicker than the WL of the unpatterned region. However, the 
Ge accumulations have no characteristic dot facets and cannot be considered as full 
grown islands.  
For the employed growth parameters the critical thickness of the unpatterned part is 
found around the usual value of 3 ML of Ge as shown in the SFM image of Figure 5.3 
(b), where sporadic hut islands are observed. Apparently, a completely different 
situation is present in the patterned region (see Figure 5.3 (c)). Dot nucleation is 
evident in almost each pit, which implies that the critical thickness of Ge coverage is 
reduced on patterned substrates. 
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Figure 5.4: Comparison of dot nucleation in (a) non-patterned and (c), (e) EUV-IL 
patterned area. The patterned field in (c) is fabricated with a higher exposure dose 
than the field in (e) which results in a more uniform QD array. (b), (d), (f) 
Corresponding STEM images. (g), (h) Histograms of the height and diameter 
distribution, respectively, of the dots in the patterned and unpatterned area. 
Preparation and structural characterization of SiGe QD arrays 
41 
SFM and cross-section STEM images after the deposition of 7 ML Ge at Tf,Ge = 
580°C are shown in Figure 5.4. The dots on the unpatterned area (Figure 5.4 (a), (b)) 
nucleate randomly over the whole area, exhibiting a broad distribution in size. In 
contrary, the overgrowth of the patterned region (Figure 5.4 (c), (d)) results in an 
extremely uniform array of SiGe dots without any vacancies. The islands have only 
formed within the 3-5 nm deep pits (cf. pit profiles in Figure 5.1 (c)), which 
demonstrates that the pit bottoms are the favourable sites for dot formation in terms of 
energy. The dots have a square base and are oriented along the (100) direction. From 
the STEM image (Figure 5.4 (d)), characteristic sidewall facets with an angle of 11.3° 
with respect to the (100) plane are observable, which correspond to (105) facets. 
Thus, the islands belong into the category of SiGe hut clusters. The presented huts 
have a more compact shape and a higher aspect ratio (~1:3.3) than SiGe hut clusters 
grown on planar Si surfaces (~1:5) due to the filling of the pre-patterned pits with Ge 
atoms. 
The histograms in Figure 5.4 (g) and (h) show the corresponding diameter and height 
distributions1. A bimodal distribution of hut and dome clusters with a wide spread in 
diameter and height is obtained for the unpatterned area. On contrary, the patterned 
area (Figure 5.4 (b)) exhibits an up to now unmatched high degree of island 
uniformity. The ordered island have a mean diameter of 45.7 nm, FWHM = 6.2 nm 
and a mean height of 4.61 nm, FWHM = 0.51 nm. Hence, size variations of less than 
± 7%. 
The authors of reference [129, 130] compile a ranking of the order of nanostructures. 
It includes four criteria: first identical orientation, second identical shape, third size 
homogeneity and fourth exact alignment. The QD arrays presented in Figure 5.4 (c) 
satisfy all of these criteria and hence they have reached the highest level in this 
hierarchy. 
By using a lower EUV-IL exposure dose, patterns with less pronounced pits were 
realized. SFM and STEM images of such a pattern are depicted in Figure 5.4 (e) and 
(f), respectively. The STEM image demonstrates that the pits of this pattern are less 
deep (1 – 2 nm) than the pits of the higher exposed pattern. As before, the dot 
                                                   
1For good statistics, the size distributions in this thesis are always quantified from several SFM images 
recorded at different position of the corresponding patterned or unpatterned area. For instance, for the 
histograms in Figure 5.4 (g), (h) a total of approximately 1000 dots were measured for each 
distribution. 
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nucleation occurs only in the pre-patterned pits. However, the variations in the pit 
geometry have strong impact on the uniformity of the QD arrays, which results in a 
considerably broader size distribution.  
Thus, our results imply that uniform dot formation exists only for certain pit 
morphology. It is assumed that the slightly shallower pits of the under-exposed field 
promote Ostwald ripening, which is based on adatom diffusion between the islands 
Figure 5.5: QD arrays after in-situ annealing at 580°C for 5 minutes (same SFM 
image sequence as in Figure 5.4). The histograms compare the size distributions of 
the dots of the as-grown samples with the dots of the annealed samples. 
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and leads to the observed broader size distribution. Deeper pits work against Ostwald 
ripening, since Ge has to be transported against the capillarity forces to a 
neighbouring island. Hence, we conclude that well-defined and sufficient steep pits 
are mandatory for the formation of SiGe QDs with a uniform size distribution.  
This conclusion is confirmed by the SFM images in Figure 5.5. The presented dot 
arrays are identical to the samples depicted in Figure 5.4 except that these samples 
have been in-situ post growth annealed at 580°C for 5 minutes inside the MBE 
chamber. Obviously, the dot density in the unpatterned region (Figure 5.5 (a)) has 
decreased after annealing. The height distribution in Figure 5.5 (b) indicates that the 
larger dots grow at the expense of the smaller dots due to annealing, which is a typical 
behaviour of self-assembled dots grown on unpatterned substrates [35, 37, 38]. Figure 
5.5 (c), (d) demonstrates that the dots in the patterned area are still homogeneous and 
hence stable against annealing at this certain temperature. Only marginal size 
variations are observed by comparing the height distributions before and after 
annealing. Obviously, the energy barrier for adatom diffusion created by the pits is 
high enough to prevent adatom exchange between them. This is not the case for the 
shallower pits of the pattern created with a lower exposure dose (Figure 5.5 (e), (f)). 
The size variations of this array increases after annealing. The height distribution 
indicates an increase of larger dots with heights of around 7 nm as well as smaller 
dots with heights of around 2 nm which suggest a further ripening process due to 
annealing as observed for the unpatterned area. 
5.3 Growth temperature 
In section 2.2 the influence of the growth temperature on the morphology of self-
assembled QDs grown on flat substrates was described. It was found that Ge hut 
clusters with (105) facets nucleate preferentially at low temperatures. Increasing the 
temperature leads to the formation of dome clusters. Now, these studies are extended 
to SiGe islands grown on pit-patterned substrates. The analyzed samples consist of a 7 
ML thick Ge layer grown at different temperatures. TF was varied between 400°C - 
650°C. The surface topography after Ge layer deposition is shown in Figure 5.6. The 
SFM images indicate that exact aligned and uniform QD arrays are only prepared 
within a small temperature band ranging from TF = 550°C - 580°C. If the temperature 
is too low, the dots nucleate not only in the pre-patterned pits but also in between the 
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pits. If the temperature is too high, the pit occupancy as well as the dot uniformity 
decreases. 
The results indicate the strong influence of the growth parameters on the dot 
formation as already mentioned for the growth of self-assembled QDs on planar 
substrates. In case of pre-patterned substrates, it is essential to find a compromise 
between pit parameters and growth temperature. A crucial condition to obtain exactly 
aligned QDs is that the Ge diffusion length L should be in the order of the pit period p. 
Under consideration of the pit periodicity the island growth in dependence of the 
temperature can be categorized into three regions as proposed by Zhong et al. [131]. 
1. For TF < 550°C the diffusion length L is lower then the pit periodicity p. In 
this region the island growth is kinetically limited. Only a part of the deposited 
Ge atoms can diffuse into the pits and hence island formation is also found 
between the pits. This region can even be further divided, for 400°C the 
formation of a grainy surface is found which may result from dislocation 
formation. For 520°C already a strong tendency of dot nucleation inside the 
pits is observed. However, with a broad dispersion in size. 
2. For TF = 550°C - 580°C, where L is comparable to p, the SiGe dots nucleate 
only in the energetically favoured pit bottom due to a sufficiently high 
diffusion length. Furthermore, the condition L = p, is required for the creation 
of uniform island arrays with narrow size distribution. Under these special 
conditions, solely Ge atoms which are deposited in an area a ~ p2 around a 
certain pit contribute to the island formation within this pit. In other words 
each island is formed from approximately the same number of Ge atoms. 
3. For TF > 580°C, where L > p, again the SiGe dots nucleate only within the 
pits, but with a rather broad size distribution. Because of the high growth 
temperature it is not stringent that the Ge atoms are captured from the closest 
pit, instead they can diffuse over a certain distance and consequently the pit 
incorporation occurs in a randomised manner. The observed non-uniformity of 
the QD arrays at higher temperatures may also be induced by Ostwald 
ripening, which also scales with temperature. 
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Figure 5.6: SiGe islands grown on pit patterned Si(100) substrates at different 
temperatures TF: (a) 400°C, (b) 520°C, (c) 550°C, (d) 580°C, (e) 610°C and (f) 650°C. 
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5.4 Variation of the template period from 280 nm down to 35 nm 
For the preparation of uniform QD arrays it is necessary that L ≈ p, as pointed out in 
the preceding section. Hence, if one changes the template period also the growth 
temperature has to be simultaneously adjusted. This circumstance is exemplified in 
Figure 5.7. The samples consist of 5 ML Ge deposited on a 280 nm period EUV-IL 
pattern. The growth temperatures were (a) TF = 580°C and (b) TF = 620°C. Note, that 
a temperature of TF = 580°C has been considered as ideal growth temperature in the 
case of a 90 nm/100 nm pattern (cf. Figure 5.6 (d)). Obviously, this is not the case for 
the current 280 nm template, since a large amount of dots in-between the pits are 
found. The pits are surrounded by a zone where almost no dots appear. These zones, 
indicated by white circles in Figure 5.7 (a), have a radius of 120 nm, which can be 
considered as diffusion length of the Ge atoms. Consequently, for the 280 nm pattern 
the diffusion length has to be increased by using a higher Ge growth temperature. 
Figure 5.7 (b) clarifies that for the 280 nm period a temperature of TF = 620°C is 
required for islands nucleation solely inside the pits.  
Furthermore, the shape of the QDs has changed. Inside the pits multifaceted domes 
and no huts as for the 90 nm/100 nm pattern have formed. This is a result of the rising 
period since the area around one hole for collecting deposited material becomes 
larger.  
Figure 5.7: SiGe dots on a 280 nm pattern after deposition of 5 ML Ge at (a) 580°C 
and (b) 620°C. The Ge growth temperature in (a) was not high enough for solely 
island nucleation inside the pits. 
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Considering the previous argumentation, it is plausible that a lower Ge growth 
temperature (TF < 580°C) is required for the high resolution EUV-IL patterns with 
periodicities of 49 nm, 42 nm and 35 nm. Indeed, for these templates the most 
homogenous QD array were produced by growing a 10 nm thick buffer layer at 
350°C, followed by a 5 ML thick Ge layer at TF = 540°C. 
Figure 5.8 shows SFM images of the created QD arrays with periods of (a) 49 nm, (b) 
42 nm and (c), (d) 35 nm. The islands have square bases and are (105) faceted. These 
structures represent the world’s smallest QD arrays which were produced so far. For 
the 35 nm pattern, the smallest distance between adjacent QDs is only 8-10 nm. Thus, 
lateral electronic coupling between QDs might be conceivable. This interesting fact 
will be specified in chapter 6 by means of photoluminescence (PL) measurements and 
band structure calculations. 
Figure 5.8: High resolution QD arrays with periodicities of (a) 49 nm, (b) 42 nm and 
(c) 35 nm. (d) 3D visualization of the 35 nm pattern. 
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The experiments clarify that the correct deposition temperature for uniform dot 
growth depends on the pattern periodicity. In fact, the smaller the pattern periodicity 
the lower the growth temperature has to be chosen. In Figure 5.9 the used growth 
temperatures versus period are plotted (a temperature uncertainty of 30°C is 
assumed). The red curve gives the theoretical temperature T which is required for 
generating an adatom diffusion length L (cf. equation 5 on page 15). 
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With τ the time for adatom diffusion (in our case 3.5 s [131]), a the surface lattice 
spacing (3.84 Å), the prefactor ν  = 1013 s-1, the Boltzmann constant Bk  and the 
activation energy Ea = 1eV [87]. The growth temperatures found for uniform dot 
growth (filled squares) are close to the values of the plotted curve, which confirms 
that L ≈ p is the condition for the preparation of uniform QD arrays. Additionally, Ge 
growth temperatures used by other groups [7, 131, 132] are given in Figure 5.9. The 
authors report about fabrication of uniform dot arrays on patterned substrates with 
larger periods at the selected temperatures. A good match with the plotted curve is 
Figure 5.9: The diagram shows the used growth temperatures for the fabrication of 
QD arrays in dependency of the pattern period. The red curve shows the 
temperatures which are required to achieve a certain adatom diffusion length. 
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found as well which suggests that the condition for uniform dot growth, L ≈ p, is valid 
over a wide period range. 
The height and diameter distributions of the realized QD arrays of different period are 
plotted in Figure 5.10 and the extracted values are collected in Table 5.1. All arrays 
are characterized through narrow size distributions. Especially the 280 nm pattern 
exhibits an extremely narrow size distribution with a mean diameter of 78.0 nm ± 1.3 
nm and a mean height of 9.32 nm ± 0.35 nm, which is to our knowledge the most 
uniform QD array ever produced (cf. with reference [133]). The dot volume versus 
squared period p is shown in Figure 5.10 (c). Clearly the dot volume V increases in 
the same way as the area per pit for collecting deposited material A, even V ~ A ~ p2. 
 
 
Figure 5.10: (a) Diameter and (b) height distributions of QD arrays with different 
periodicities. The deposited amount of Ge was 5 ML for each dot array. (c) Dot 
volume in dependency of squared period. 
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280 nm 
(TF = 620°C) 
90/100 nm 
(TF = 580°C) 
49 nm 
(TF = 540°C) 
42 nm 
(TF = 540°C) 
35 nm 
(TF = 540°C) 
Diameter [nm] 78 42.1 33.2 28.0 24.9 
FWHM [nm] 2.6 6.5 5.9 7.0 6.9 
Deviation 
±[%] 1.7 7.8 9.0 12.5 13.6 
Height 
[nm] 9.32 4.20 3.41 2.76 2.43 
FWHM [nm] 0.70 0.49 0.46 0.52 0.54 
Deviation 
±[%] 3.76 5.95 6.74 9.42 11.11 
 
Table 5.1: Size distribution statistics for different dot periods. 
 
The variation of the template period allows also the alignment of the dot density in a 
controlled manner. The realized dot densities are plotted in Figure 5.11, e.g. for the 35 
nm pattern, the dot density amounts to 8.16·1010 dots/cm2, which is almost one 
magnitude larger than that of the unpatterned region of this sample. In literature, dot 
densities up to 3·1011 dots/cm2 are reported for self-assembled QD grown on bare Si 
substrates [134]. Such a density would correspond to a pattern period of 18.2 nm, 
assuming that all patterned pits are occupied with QDs. Such a small pattern 
resolution is certainly within the capability of EUV-IL. For the maximum resolution 
of our EUV-IL setup (λ = 13.4 nm), even a dot density of 2·1012 dots/cm2 is 
conceivable. However, the realization of such high dot densities which are of 
enormous interest for the characterization of coupled QD systems or even quantum 
computing is closely related to the development of new EUV photo-resists. The used 
PMMA resist will reach its limit by further reduction of the template period. The 
broader size dispersion of the 35 nm QD array is already an indication for that (see 
Table 5.1). HSQ resist might be an alternative for the period range between 20 nm – 
30 nm. 
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5.5 Template variations 
The influence of the EUV-IL exposure dose on the created templates before and after 
Si buffer deposition has been discussed in section 3.2 and section 5.1, respectively. In 
general the higher the exposure dose the larger the created pits. This section concerns 
the influence of these template variations on the QD formation.  
The topographies of the 280 nm and 90 nm/100 nm pattern after Ge deposition are 
shown in the SFM images of Figure 5.12 (same image sequence as in Figure 5.1). For 
the pattern created with a lower dose, the formation of a multifaceted, single dome 
cluster per pit is found by deposition of 5 ML Ge. The nucleation at the pit bottom is 
caused by capillarity driven diffusion of adatoms on the sidewalls into the “V”-shaped 
pits (cf. Figure 5.1 (a)). The pattern fabricated with a higher EUV-IL exposure dose 
was overgrown with 7 ML of Ge. The deposition leads to the formation of QD 
molecules which consist of four (105) faceted hut clusters per pre-patterned pit 
(Figure 5.12 (b)) and have the proposed symmetry of a building block for a QD 
cellular automata [135]. It shows that the dot density can be increased maintaining the 
same mask periodicity, by only changing the exposure dose. Consequently, each SiGe 
dot is built up by a smaller number of Ge atoms which is sufficient for SiGe hut 
clusters, but no SiGe dome clusters are found. Here, the QDs have a mean diameter of 
dm = 57.6 nm, FWHM = 7.0 nm and a mean height of hm = 4.6 nm, FWHM = 0.8 nm. 
highest dot density produced on un-
patterned substrates: 3·1011 Dots/cm2. 
Figure 5.11: Plot of dot density against pattern period. The realized dot densities are 
marked.  
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Figure 5.12: QD arrays after deposition of (a) 5 ML, (b) – (d) 7 ML Ge on the templates 
shown in Figure 5.1. The lower images show 3D visualization of the upper SFM images. 
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It should be noted, that the pits formed by the process using the higher EUV-IL 
exposure dose, have a shape of inverted truncated pyramids after buffer layer 
deposition (cf. Figure 5.1 (b)). The SFM investigations indicate that the dots always 
nucleate at the energetically favoured triple intersection of pit sidewalls and the flat 
(001) bottom facet. A similar QD molecule formation with five dots per hole is 
reported in [71], where the authors found the nucleation of a single dot at the bottom 
of a pit, having the shape of a rather large and deep inverted pyramid for a small 
amount of Ge deposited. Increasing the Ge amount results in the formation of four 
additional dots located at the pit sidewalls around the initial SiGe island. 
In additional experiments it was possible to show that the distance between the QD 
molecules (and hence the inner dot distance of a QD molecule) can be tuned from 70 
nm to 200 nm by varying the exposure dose. The transition from a QD molecule with 
four dots per pit to a single dot per pit is not abrupt. For example, an intermediate 
state with two dots per pit is found for patterns created with a medium exposure dose. 
Also the pattern with a periodicity of 90 nm/100 nm has been subject to overgrowth. 
As already discussed in section 5.2 the deposition of 7 ML Ge on the pattern exposed 
with a lower dose leads to the formation of a QD array composed of SiGe hut clusters 
(Figure 5.12 (c)). The SFM image in Figure 5.12 (d) shows the pattern exposed with a 
higher dose after deposition of 7 ML of Ge. Again, a regular array of dots is formed. 
Surprisingly, the islands do not nucleate in the holes, which are the deepest 
suppressions in the substrate, but within the grooves connecting the holes. 
Consequently, the QDs have twice the density compared to those nucleating on the 
pattern described in Figure 5.12 (c). The dots have an elongated shape induced by the 
grooves. Notably, this is not the shape of elongated hut clusters, which have square or 
rectangular base along (001) directions. Here the grooves are along the (110) 
directions and accordingly the QDs are stretched into this direction, leading to a 
rhomb shaped base of the islands. Some islands appear to be formed from two 
adjacent nuclei. The fact that the islands prefer to nucleate into the grooves may 
indicate that corners of two adjacent (111) sidewall facets are a preferred nucleation 
site for SiGe islands. The results demonstrate the importance of template structure on 
the self-assembly processes of QDs. Template variations influence the shape, 
arrangement and density of Si/Ge QD arrays which gives us further opportunities for 
the creation of tailored QD arrays. 
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5.6 SiGe QD crystals 
The stacking of Si/Ge layers leads in general to a vertical ordering of the islands due 
to the induced strain fields of the underlying QDs (see section 2.3.2). It suggests itself 
to combine the vertical alignment with the lateral templated self-assembly technique 
in order to create three-dimensional SiGe QD crystals. 
5.6.1 SFM and TEM characterization 
SiGe QD crystals of different period have been fabricated by overgrown the EUV-IL 
templates with sequences of Ge and Si layers. The first sequence is identical to the 
samples with a single Ge layer. It contains the Si buffer layer and the buried dot layer. 
Subsequently, an adequate number (mostly 10 periods) of dot layers separated by Si 
spacer layers are grown.  
 
 280 nm 90 nm/100 nm 49 nm, 42 nm, 35 nm 
Structure Thickness T [°C] Thickness T [°C] Thickness T [°C] 
Buffer 50 nm 410 50 nm 410 10 nm 350 
1st Ge dot 
layer 
5 ML 410 - 620 7 ML 410 - 580 5 ML 350 - 540 
N ×  Growth interruption of 200s for cooling down to the temperature of Si spacer growth 
N × Si 
spacers 
10 nm 410 - 620 10 nm 410 - 580 5 nm 370 - 560 
N × Ge 
dot layer 
4 ML 620 5 ML 580 4 ML 560 
 
Table 5.2: MBE growth sequence of the QD crystals with different lateral periodicity. 
 
As for the single layer samples the growth recipe (temperature, layer thickness) has to 
be adjusted for each period. Table 5.2 gives the adapted growth parameters for the 
different periods. Please note that with respect to the initial dot layer a lower nominal 
Ge thickness was used in the subsequent layers, since the critical thickness of the Ge 
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wetting layers in the second and following period is smaller compared to the first Ge 
layer [92, 93].  
Figure 5.13 (a) shows a STEM image of a three-dimensional QD crystal grown on a 
90 nm/100 nm template. After the deposition of the first 10 nm thick Si spacer the 
surface of the sample is planar, the topography due to the patterning and the island 
nucleation has vanished. However, the SiGe islands are relaxed towards their apex, 
inducing tensile strain into the part of the Si layer covering the QD. Accordingly, the 
10 nm wide Si spacer layer has an undulating strain field reflecting the periodicity of 
the underlying island layer. The next layer of Ge is affected by this strain field and 
SiGe islands nucleate in those areas of the Si spacer layers which are under tensile 
strain, since the in-plane lattice constant is larger in these areas and better matches the 
Ge lattice constant. Due to the filling of the pits, the dots of the first layer have a 
different shape and a higher aspect ratio than the ones grown on planar Si surfaces in 
the second and subsequent layers.  
The SFM scan in Figure 5.13 (c) depicts the surface after the deposition of 11 island 
layers. The islands on top are (105) faceted and have a square base. The SFM scans 
indicate that the lateral periodicity is well preserved and no missing or extra dots can 
be found in the SFM of the topmost dot layer. Information on the sizes of the dots are 
obtained in Figure 5.13 (e). The height of these hut clusters is 3.0 nm, FWHM = 0.59 
nm and their base length is 34 nm, FWHM = 6 nm. Apparently, the narrow size 
distribution and the formation of only one type of island, i.e. SiGe hut clusters, on the 
pre-patterned surface allow the formation of a rather perfect three-dimensional SiGe 
dot crystal. For comparison, in Figure 5.13 (b, d, f) complementary STEM 
micrographs and SFM surface scans are shown for the topmost island layer, deposited 
on a non-patterned area of the same sample. The bimodal size distribution of dots in 
the first layer, containing hut and dome clusters leads to a strongly laterally disordered 
but vertically ordered dot arrangement in the course of the stacking of dot layers. The 
dome clusters increase in size with increasing number of island layers, even up to the 
size of superdomes at the expense of the hut clusters. The SFM scan (Figure 5.13 (d)) 
shows that large dome clusters exist on the surface, with some hut clusters nucleating 
in the surrounding, whereas most of the area in-between has only a low dot density. 
Obviously, the 10 nm thick Si spacer layer is not thick enough to yield a planar 
surface on top of dome clusters, thus the stacking leads to a rather wavy surface as 
shown in the STEM image of Figure 5.13 (b). The preferred nucleation of huts in the 
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neighborhood of the dome clusters is assigned to this waviness, since it leads to an 
enhanced number of surface steps. 
Figure 5.14 shows the 280 nm period templates after multilayer growth (see Table 5.2 
for details of the recipe). The SFM scans in Figure 5.14 (a), (b) taken from the 
topmost Ge layer show that both arrangements of the single layer samples, separated 
dome clusters as well as the super-lattice structure with four dots per pit, are retained 
by the Si/Ge stacking. Again a narrow size and height distribution is found for both 
Figure 5.13: (a) Cross-sectional STEM images of a three-dimensional QD crystal and 
(b) of a reference piece without pre-patterning. SFM images of the topmost island 
layer are shown in (c) and (d). (e), (f) Corresponding distributions of island height 
and diameter. 
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patterns. A difference to the QD crystal with a lateral period of 90 nm/100 nm is that 
the complete flattening of the surface occurs not after the first Si spacer layer (10 nm) 
but after several periods of Si/Ge layers, since the dome-shaped QD structures are 
somewhat bigger compared to the QD crystal shown before. Therefore, a slight 
unevenness (topography) of the Si is still recognizable in Figure 5.14 (a) (only 6 pairs 
of Si/Ge layers).  
Figure 5.14 (c), (d) depicts cross sectional STEM images of the created QD stacks. An 
exact vertical stacking of the SiGe dots is found. The cross-section was prepared 
along the (110) direction. Therefore, the observed period is (280 · √2) nm. In the first 
 
Figure 5.14: (a), (b) The 280 nm period QD arrays were additionally stacked by 5 
periods/ 10 periods of Si/Ge layers, respectively. The symmetry of the first layer is 
retained after stacking and a flattening of the Si matrix is observed. (c), (d) 
Corresponding cross-section STEM images of the samples shown in (a), (b). 
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layer the nucleation of the QDs in the pits (Figure 5.14 (c)) and at the intersection of 
pit sidewalls and flat bottom facet (Figure 5.14 (d)), respectively, is directly 
observable. Please note that the dots in the first layer are somewhat bigger because of 
the higher amount of deposited Ge. Figure 5.14 (d) shows that the dots in the 2nd to 7th 
layer are still affected from the modulated Si matrix. A slight decrease of the dot 
diameter by simultaneous increase of the dot height is detected with increasing 
number of Ge layers. From the 8th layer to the top, the Si matrix is completely 
flattened and a uniform shape of the dots is found. Small Ge agglomerations between 
the dot stacks are found (indicated by black arrows). They could originate from the 
incomplete flattening of the Si surface, which causes an effective displacement of the 
intersection of sidewall and bottom facets towards the center of the pit. These 
intersection sites serve as additional nucleation sites for the Ge adatoms.  
The high-resolution templates with periods of 49 nm, 42 nm and 35 nm were also 
used for the fabrication of QD crystals. In general, smaller dots generate less elastic 
lattice deformations and hence lower strain fields. Thus, for the high resolution arrays 
which contain rather small dots the Si spacer thickness dS has to be drastically reduced 
to achieve exact vertical stacking. Figure 5.15 depicts; how many dots are correctly 
aligned on the buried QD layer after the deposition of 10 periods of Si/Ge layers in 
dependency of dS. For the 49 nm pattern, a correct site occupation of > 90% is already 
found for dS = 8 nm, whereas for the 35 nm pattern the spacers have to be further 
Figure 5.15: Percentage of QDs which are exactly aligned (after 10 periods of Si/Ge layers) 
on top of the buried QDs of the first Ge layer. A drastic improvement of the correct site 
occupation with decreasing spacer thickness is observed.  
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Figure 5.16: (a)-(d) 1 µm × 1 µm SFM images of QD crystals with lateral periods of 
(a), (b) 49 nm, (c) 42 nm and (d) 35 nm. The corresponding Si spacer thickness is (a) 
10 nm, (b)-(d) 5 nm. (e) Cross-section STEM image of the sample shown in (b). 
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reduced to dS = 5 nm to achieve the observed maximum occupation of 95.1 % due to 
the smaller dot sizes. A further reduction of dS provides no improvement of the site 
occupation since smaller spacers dS < 5 nm are not sufficient for flattening the Si 
surface. Hence, some of the dots tend to nucleate between the buried dots due to the 
residual modulated surface. The number of such misplaced dots amplifies with each 
additional layer and after 10 periods these dislocated dots lead to a topography 
comparable with the non-patterned region. 
SFM and STEM of the created high resolution QD crystals are shown in Figure 5.16 
(see Table 5.2 for details of the recipe). The influence of the spacer thickness is once 
more clarified in Figure 5.16 (a), (b), where QD crystals with spacers of 10 nm and 5 
nm are opposed to each other (lateral period 49 nm). Numerous vacancies are 
observable in the 10 nm spacer sample, whereas an almost perfect arrangement is 
found for the QD crystals with 5 nm spacers, even for lateral periods of (c) 42 nm and 
(d) 35 nm. The STEM in Figure 5.16 (e) shows a cross section of the QD crystal with 
a lateral period of 49 nm. An exact vertical stacking is observable. Please note that the 
visible periodicity of adjacent QD stacks in the STEM is half of the real period of 49 
nm, which is a result of the TEM preparation. The TEM lamellas have finite thickness 
of around 60 nm and hence two rows of QD stacks were cut. 
Figure 5.17: (a) Height and (b) diameter distributions of QD crystals of different 
lateral period. The narrow distributions clarify that the uniformity of the dots is 
retained after multilayer deposition. 
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The height and diameter distributions of the topmost layers of the QD crystals are 
shown in Figure 5.17. The calculated mean values and deviations thereof are 
summarized in Table 5.3. By comparing this data set with the results of the single dot 
layer samples (cf. Table 5.1) a slight decrease of the mean dot diameters and dot 
heights are detectable which results from the reduced Ge amount for depositing the 
subsequent layers (cf. Table 5.2). For the 280 nm and 90 nm/100 nm period QD 
crystals the deviations from the mean diameters and heights are almost similar than 
for the single dot layer samples, whereas for the high resolution QD crystals much 
narrower distributions are found for the topmost Ge layer compared to the first Ge 
layer. The stronger deviations in the first layer might arise from stronger size 
fluctuations of individual pits of the high resolution EUV-IL pattern (resolution limit 
of PMMA resist). These fluctuations might smear out by multilayer growth and lead 
to a more uniform dot arrangement as simulated for QD superlattices grown on 
unpatterned substrates [95]. 
 
 
Period 
[nm] 
280 90/100 49 42 35 
Diameter 
[nm] 49.4 34.2 31.2 26.8 23.7 
FWHM 
[nm] 3.4 5.9 3.1 2.7 4.6 
Deviation 
±[%] 3.4 8.8 5.1 5.2 9.7 
Height   
[nm] 5.18 3.84 3.44 3.05 2.49 
FWHM 
[nm] 0.46 0.58 0.34 0.31 0.46 
Deviation 
±[%] 4.44 7.55 4.94 5.25 9.24 
 
Table 5.3: Size distribution statistics of the three-dimensional QD crystals 
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5.6.2 XRD analysis 
So far, SFM and STEM techniques were used to analyze the structural properties of 
the QD arrays. These methods have the advantage to produce direct real space images 
which are easily interpreted. However, these techniques are locally limited. With SFM 
only the topmost layer of a QD crystal is analyzed and with the time consuming 
STEM technique just a spot check can be taken out of a huge sample volume. X-ray 
diffraction measurements allow the determination of structural properties over 
comparably large areas, for instance a beam size of 100 µm × 200 µm is used in our 
measurements. The XRD data provide quantitative information about the correlation 
of the dots as well as their composition.  
The XRD experiments were carried out at the Troika II beamline at the European 
Synchrotron Radiation Facility in Grenoble (measurements were done by Julian 
Stangl et al. from the University of Linz). As sample the QD crystal with a lateral 
Figure 5.18: Reciprocal space maps of the SiGe QD crystal recorded around the (a) 
symmetrical (004) and the (b) asymmetrical (224) reflex. 
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period of 90 nm/100 nm was chosen (Figure 5.13). Two reciprocal space maps in the 
[110] azimuth were recorded around the symmetrical (004) and the asymmetrical 
(224) Bragg peaks, using a positional sensitive detector. The reciprocal space maps 
taken from the patterned area are shown in Figure 5.18. Qx and Qz are the coordinates 
of the scattering vector Q = Kf - Ki parallel and perpendicular to sample surface, 
respectively. Ki;f  are the wave vectors of the primary and scattered beams lying in the 
QxQz scattering plane. The maps depict a large amount of satellite peaks due to the 
vertical as well as lateral ordering in the QD superlattice. In between the vertical 
satellite maxima (along Qz), the subsidiary extrema which originate from the finite 
number n of stacked layers are clearly visible. In accordance with theory [136], n - 2 = 
9 of these pendellösung fringes are observed between the satellite maxima.  
The lateral and vertical period p can be calculated from the distance of the satellites 
as zyxzyx Qp ,,,, /2 ∆= pi . From the XRD data we determined px = (100.2 ± 0.2) nm and 
pz = (11.5 ± 0.1) nm. By rotating the sample by 90° to change the azimuth the second 
lateral periodicity of py = (90.7 ± 0.2) nm is found. Hence, these values are in 
excellent agreement with the designed values of the QD crystal. 
The XRD data from the symmetrical (004) reflection provide information about the 
out-of-plane lattice constant, whereas from the asymmetrical (224) reflection data 
additional values of the in-plane lattice constant can be obtained. From the 
asymmetrical (224) map it is evident that the envelope of the satellites is shifted to 
smaller Qx values, which indicates a larger in-plane lattice constant of the SiGe 
material in the islands and hence an elastic relaxation of the SiGe islands.  
More quantitative information is obtained by comparing the measured reciprocal 
space maps with simulated diffracted intensities. These calculations are based on 
finite element simulations of the strain fields and a kinematical model for the 
diffracted intensities. The calculations were performed by Vaclav Holý from the 
University Prague. In the following, only the results of these calculations are 
presented, for details of the analysis see reference [137]. The best agreement between 
measured and simulated integrated intensities was achieved by assuming a mean Ge 
concentration of xGe = 60% inside the dots. By using this specific Ge concentration 
and the dot shapes obtained by SFM and STEM the strain fields were calculated. The 
components of the strain tensor zzxx,ε  in the xz-plane and yyxx,ε  in the xy-plane for z = 
56 nm are plotted in Figure 5.19. The maximum vertical and lateral strains in the dot 
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volumes are 033.0max, ≈zzε and 01.0max, ≈xxε . Negative strain values are found in the 
spacer layers between the dots: 01.0max, −≈zzε  and 004.0max, −≈xxε . The values of the 
strain components are calculated with respect to the non-deformed silicon lattice. 
Furthermore, quantitative information on the dot ordering was deduced from the x-ray 
diffraction data based on a model for the disorder and the correlation functions of the 
QD positions. For the first dot layer, where the lateral ordering is determined by the 
pre-patterned pits a root mean square deviation from the lattice sites of an ideal square 
Figure 5.19: Components (a) zzxx,ε  of the strain tensor in the xz-plane and (b) yyxx,ε  in 
the xy-plane for z = 56 nm. The contour step is 5·10-4 and the positive (negative) values 
are denoted by red (blue) colors. The free surface is at z = 110 nm, the different shape 
of the lowermost dot is clearly visible. 
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array of )13(0 ±=σ  nm is found. For the subsequent layers a lateral dispersion of 
)5.05.3(0 ±=σ  nm is calculated. These results confirm that the lateral dot alignment 
is well preserved due to the strain fields of the underlying dots. The vertical ordering 
of the dots is assumed as almost perfect, since the control of the spacer layer thickness 
by MBE is excellent. 
 
5.7 SiGe QD arrays prepared by LPCVD 
As pointed out in the last sections, EUV-IL patterning in combination with later MBE 
overgrowth yield exact aligned QD arrays with salient size distribution. The next goal 
in this thesis is to introduce CVD into templated self-assembly since this deposition 
technique is one of the most relevant processes in Si technology.  
5.7.1 Deposition of SiGe QDs on Si(100) 
As for the MBE deposition the growth parameters have to be adjusted prior obtaining 
satisfactory results. These efforts are summarized by means of Figure 5.20 which 
shows the sequence of the undertaken adjustment steps and are described in the 
following.  
For the CVD epitaxy solely EUV-IL patterns with a periodicity of 280 nm were used. 
The SFM scans in Figure 5.20 (a) are taken from a sample containing a Si buffer layer 
of 15-17 nm and a Ge island layer of approximately 0.7 nm. The Ge deposition was 
performed for 240 s with a GeH4 flux of 1 sccm at 700°C. The SiGe islands have 
nucleated only in the pre-patterned pits, but with a very low site occupation of 16%. 
In Figure 5.20 (b) the buffer layer thickness is reduced to 7-8 nm, whereas the Ge 
coverage was kept constant. The thinner buffer layer results in deeper pits and hence it 
increases the diffusion barrier between the pits. Therefore, Ostwald ripening is 
hampered and an increase of the site occupation to 40% is obtained. 
Further improvement of the site occupation is achieved by increasing the GeH4 flux 
and reducing the deposition time, by keeping constant the product of (flux · time). 
Under these conditions the Ge coverage is expected to be constant, whereas the time 
for the ripening process decreases. An increase of the site occupation to 68% is found 
for a GeH4 flux = 2 sccm (Figure 5.20 (c)), t = 120s and to 90% for a GeH4 flux = 3 
sccm, t = 80s (Figure 5.20 (d)). Finally, a site occupation of 100% is achieved by 
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keeping the same growth recipe as for the sample in Figure 5.20 (d), but reducing the 
in-situ annealing temperature from 900°C to 850°C (Figure 5.20 (e)). It is established 
that high annealing temperatures leads to thermally activated diffusion of the Si atoms 
and hence to a smoothening of the pit sidewalls. Certainly, material rearrangement is 
still present at the lower temperature of 850°C, but with less impact on the pit 
morphology. Hence, larger diffusion barriers between the pits are preserved as for 
annealing at 900°C, which results in a lower Ostwald ripening process. It is worth 
mentioning that in case of MBE deposition such high annealing temperatures would 
lead to a complete flattening of the templates. However, the H2-atmosphere inside the 
LPCVD chamber suppresses the Si diffusion as described in section 4.2. 
An improvement of dot uniformity is realized by increasing the growth time to 120s 
and keeping GeH4 flux at 3 sccm and annealing temperature at 850°C (Figure 5.20 
(e)). The higher mass transfer at longer deposition times leads to a more uniform 
occupation of holes with size variations of less than 5%. However, uniformity is 
achieved at the expense of dot occupation. Small islands are transferred to 
neighbouring sites leaving some pits free of islands (site occupation 93%). 
It is worth mentioning that in the unpatterned area, as for the MBE deposited 
structures, the typical bimodal distribution of randomly distributed domes and 
pyramids is found in all samples (Figure 5.20 (g)). 
The surface morphology after capping with 45 nm of Si is depicted in Figure 5.20 (h). 
Truncated pyramids with bases oriented along the (110) direction have formed 
directly above the dots and pyramids have formed between the dots. Such 
morphologic changes during capping have been extensively studied and they are 
strongly depending from the growth conditions [56, 57, 138]. Please note that the 
capping of MBE deposited samples always leads to a complete flattening of the 
surface even for thinner capping layers (10 nm). 
Concerning the MBE deposited samples; it is evident that lithography and growth 
parameters are closely connected to each other. Similar behaviour is obtained from the 
samples prepared by LPCVD. In Figure 5.21 the pit occupation is plotted versus the 
EUV-IL exposure dose. Obviously, only for a certain exposure dose (or pit profile) a 
satisfying pit occupation is found. 
Preparation and structural characterization of SiGe QD arrays 
67 
 
Figure 5.20: (a) – (f) The SFM scans illustrate the undertaken adjustment steps to 
optimize the site occupation and uniformity of LPCVD grown QD arrays (see text for 
details). (g) Corresponding unpatterned region of the sample in (f). (h) Surface 
morphology of the sample in (f) after capping with 45 nm of Si.  
 68 
0 50 100 150 200 250 300 350 400 450
70
75
80
85
90
95
100
 
 
pi
t o
cc
u
pa
tio
n
 
[%
]
exposure dose [mW/cm2]
 
Figure 5.21: Percentage site occupation of the pre-patterned pits in dependency of the 
EUV-IL exposure dose. 
 
5.7.2 Selective deposition of SiGe QDs on oxidized Si substrates 
The big advantage of the CVD technique is certainly the selective deposition of QDs 
inside oxide windows. It is found that selectivity is already achieved for ultra-thin 
oxides of 1-2 nm [139]. The selective deposition allows the formation of isolated 
islands, because of the non-existing WL. Additionally, the large difference of the 
oxidation energy of Ge (-119 kcal/mol) and Si (-204 kcal/mol) [140] promote the 
formation of completely isolated Ge clusters embedded in a SiO2 matrix [141], which 
are interesting for floating gate memories [142]. 
Si(100) substrates with an oxide thickness ~ 20 nm are used for testing selective 
deposition. After EUV-IL exposure (280 nm period) the SiO2 windows were opened 
by the etching step and the final HF dip of the ex-situ cleaning process. First, a Si 
buffer of 15-16 nm was deposited in order to create Si mesas, followed by the 
deposition of about 1.2 nm of Ge at 700°C. Figure 5.22 demonstrates that selective 
deposition of SiGe structures is successfully obtained on oxidized EUV-IL pattern. 
The inset in Figure 5.22 (a) clarifies the case where the SiO2 are not opened and hence 
no island nucleation occurs. This happens if the HF-dip is too short and an oxide layer 
is maintained inside the pits.  
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5.8 Summary 
To conclude, the combination of EUV-IL pre-patterning and MBE overgrowth is well 
suited for the fabrication of two-dimensional QD arrays as well as three-dimensional 
QD crystals. The created QD structures exhibit the relevant properties for the 
realization of QD based applications, which are exact alignment and uniformity of the 
dots as well as variability of design and dot density. For the first time the fabrication 
of uniform sub-100 nm period QD structures is realized, due to the high resolution of 
the EUV-IL technique. In particular, the QD arrays with the smallest period (35 nm) 
and the smallest size dispersion produced so far have been created.  
To achieve such precision, the tuning of the template and deposition parameters is of 
major importance. It was shown that small variations of the ideal growth temperature 
already degrade the uniformity of the dots, since the temperature dependent diffusion 
constant have to be in the order of the template period. Hence, the growth temperature 
has to be adjusted for each period. It is worth mentioning that the measured 
Figure 5.22: (a) SFM and (b) SEM images of selectively deposited SiGe islands inside 
SiO2 windows. Inset in (a): the SiO2 windows are not opened and hence no island 
nucleation is observed. (c) Height profiles of the islands, extracted along the yellow 
bar in (a). 
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temperature/period dependency is in good agreement with a kinetic diffusion model. 
Furthermore, from XRD measurements the strain distribution and the mean Ge 
content inside the QD crystals were modeled.  
It has been demonstrated that the templated self-assembly technique works with both 
relevant epitaxy techniques; MBE as well as LPCVD. More convincing results are 
demonstrated with the MBE which has certainly also to do with the higher amount of 
samples produced with this technique (as well as the time spent on this technique). 
However, it is conceivable that similar results in terms of dot uniformity can be 
obtained with LPCVD. On the contrary, the fabrication of high resolution pattern 
might be problematic, because of the higher working temperature of the LPCVD.     
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6 Optical properties of ordered SiGe QDs 
In the following the photoluminescence (PL) of the fabricated QD arrays is 
analyzed and compared with band structure calculations performed with the 
nextnano3 code. It will be demonstrated that the luminescence of QD arrays 
prepared by templated self-assembly have a substantially smaller energy 
distribution which results in much narrower PL linewidths compared to self-
assembled QDs grown on flat Si substrates. The systematic variation of the 
parameters of the QD arrays, e.g. Ge thickness, template period, post-
annealing, allows the shift of the dot related PL signal over a broad wavelength 
range including the telecom wavelengths at 1310 nm and 1550 nm. 
Additionally, excitation power and temperature dependent PL measurements 
are presented, which allow drawing conclusion on the carrier recombination 
mechanism.  
 
It is well known that carrier confinement in SiGe islands improves optical properties 
of the indirect band gap materials Si and Ge through the localization of carriers in 
these quasi zero-dimensional structures. The localization increases the uncertainty of 
the carrier momentum and hence the probability of optical transitions without the 
assistance of phonons. Nevertheless, SiGe QD based optoelectronic devices, such as 
light-emitting devices, are still far away from being commercialized because of the 
low-luminescence efficiency and the broad energy distribution of self-assembled SiGe 
islands. In general SiGe QDs have a type II band alignment leading to separation of 
the charge carriers [98-100]. Thus, electrons are confined in the strained Si in the 
surrounding of the QDs, whereas holes are confined in the QDs. The resulting 
recombination energy depends strongly on size, shape, strain distribution and 
composition of the islands. Consequently, from self-assembled SiGe islands, rather 
wide energy spectrum is usually observed, owing to the broad size distribution of the 
islands, including alloying and strain fluctuations. This circumstance makes it difficult 
to fully describe the optical properties of SiGe islands. Thus, intensive effort is 
currently undertaken to prepare arrays of “identical” QDs, which emit in a resonant 
mode at a well defined wavelength [143].  
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For the PL measurements on the single QD arrays a second set of samples were 
fabricated that included a 40 nm Si capping layer. The capping layer is required to 
prevent non-radiative surface recombination effects which would lead to a strong 
decrease of the luminescence efficiency. To suppress intermixing due to capping the 
Si layer was grown at low temperatures, Tcap = 410°C, which also preserves the shape 
of the SiGe islands. The QD crystals were not capped since most islands are anyway 
capped by the Si spacer layers. 
6.1 Preliminary considerations 
6.1.1 Photoluminescence setup 
The PL measurements were performed at the spectroscopy laboratory of the PSI using 
the setup sketched in Figure 6.1. The PL is excited by a second harmonic of a YAG 
laser at 532 nm with a maximum excitation power Pmax = 20 mW. At this wavelength 
electron-hole pairs are generated up to a penetration depth of around 1 µm. Since this 
is much deeper than the thickness of the epilayers, a substantial portion of the charge 
carriers will be generated in the Si substrate. The laser beam is focused with a convex-
planar lens (f = 8 cm) with an angle of 45° on the sample, resulting in an elliptical 
spot of approximately 70 µm × 100 µm. Since efficient luminescence is only obtained 
at low temperature the samples have to be mounted inside a bath cryostat (Janus SVT-
300) which allows measurement temperatures ranging from 1.4 K to RT. The emitted 
PL is recorded with a Fourier transform infrared spectrometer (Bruker Equinox 55) in 
step-scan mode and measured with a liquid nitrogen cooled InSb detector (Infrared 
laboratories), sensitive for radiation with energy between 500 meV and 1300 meV. 
The signal-to-noise ratio is improved by lock-in technique, using an amplifier and a 
chopper which is positioned between laser and sample.  
Unfortunately, this setup is not suitable for measuring the high resolution SiGe QD 
arrays, since the structured fields are only 30 µm × 30 µm large. Hence, the 
adjustment of the laser spot on the patterned fields is nearly impossible. Instead, these 
structures were measured with a micro-PL setup at the Leibniz Institute for Solid State 
and Materials Research in Dresden. The spot diameter of the employed 532 nm 
frequency doubled Nd:YVO4 laser was adjusted to about 1.5 µm. With this spot size, 
still 1.4 · 109 dots are illuminated in the 35 nm QD pattern. The luminescence is 
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dispersed by a 500 mm focal length spectrometer, equipped with a liquid nitrogen 
cooled InGaAs array detector. 
6.1.2 Band structure simulations 
In order to compare the results of the PL measurements with theoretical predictions 
the band structures of the SiGe islands were calculated by the nextnano3 simulation 
package. The simulations were performed by Thomas Fromherz from the University 
Linz. The nextnano3 code allows the modeling of the band structure of arbitrarily 
shaped three-dimensional QD structures. For the calculations the structural parameter 
obtained by SFM, STEM and XRD measurements were used as input parameter. 
Furthermore, knowledge about the strain fields inside the QDs and in the ambient Si 
matrix is required, since the strain fields significantly modifies the electronic structure 
of the QDs. The strain fields were calculated by minimizing the elastic energy. 
Subsequently they were used to calculate the strain-induced spatial variation and 
splitting of the conduction- and valence-band edges by linear deformation potential 
theory. The deformation potential constants used in the calculations are collected from 
literature [10]. The band offset between the average of the Si and Si1-xGex valence 
Figure 6.1: PL setup at the spectroscopy laboratory of the PSI 
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avav EEE −=∆  was calculated according to 
xEav ⋅=∆ 580 meV [10]. The unstrained band gap of a SiGe alloy was calculated 
according to Weber et al. [144]. Using these equations, the total variation of the 
conduction and valence bands as well as their splitting due to the strain can be 
calculated for all regions in the QD structures. In these potential landscapes, for each 
band a single particle, single band, effective mass Schrödinger equation is solved to 
calculate eigenenergies and carrier distribution probabilities within and around the 
QDs. For a review on the nextnano3 simulation package see reference [145]. 
6.2 Photoluminescence of QD arrays 
Figure 6.2 shows PL spectra recorded at a sample temperature of T = 10K in the 
patterned and unpatterned regions of different QD arrays. The used laser excitation 
power was P = 1.3 mW, which results with the elliptical spot size of 70 µm × 100 µm 
in an excitation density of ρ = 23.64 W/cm2. In general the spectra can be divided into 
a part of the Si substrate/buffer layer and a part of the SiGe dot related PL. The 
dominant sharp line at 1095 meV observed in all spectra originates from the phonon-
assisted replica (Si-TO) of the Si substrate and the Si epilayers. In addition two less 
intense peaks at 1170 meV and 1033 meV are visible which are assigned to the Si no-
phonon (NP) line and the Si (TO+OΓ) line, respectively [146]. 
The bottommost spectrum in Figure 6.2 was taken from the 2 ML Ge sample grown 
on a 90 nm/100 nm period template. This thickness is below the critical thickness for 
QD formation as observed in Figure 5.3. Hence, only a wetting layer (WL) is formed. 
The PL spectrum of the patterned area shows two peaks at 1060 meV and 1002 meV. 
These peaks are attributed to the no-phonon (NP) and assisted transversal optical (TO) 
phonon of the WL. The TO phonon energy of 58 meV corresponds to a Si-Si phonon 
mode [144] in agreement with previous observations [92, 99]. In the patterned region 
the thickness of the WL is periodically modulated because of preferred Ge 
accumulation inside the pits (see Figure 5.3 or [128]). Hence, the WL inside the pits is 
slightly thicker than the WL of the unpatterned region. These thickness variations 
might already lead to a carrier confinement as expected for three-dimensional QDs. 
The unpatterned region shows no distinct WL luminescence. However, the Si 
(TO+OΓ) line at 1033 meV is more pronounced than in the other spectra which might 
results from an overlap of the Si related PL lines and the Ge WL lines. 
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Figure 6.2: 10K PL spectra from patterned and unpatterned regions of capped QD 
samples. The topmost spectra were taken from a 280 nm period QD array with nominal 
5 ML of Ge, whereas the other spectra were recorded from 90 nm/100 nm period QD 
arrays with different Ge coverage. 
 
Regarding the sample comprising 5 ML Ge, a well-resolved SiGe dot related double 
peak structure is observed for the patterned region, reflecting the narrow size 
distribution of the dots. The peaks at 952 meV and 903 meV with narrow linewidths 
of 25 meV and 32 meV, respectively, are attributed to the NP and assisted TO phonon 
peak of the SiGe QDs. The TO phonon energy of 49 meV corresponds to a 
predominant Si-Ge mode [144]. A further increase of the nominal Ge layer thickness 
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to 6 ML and 7 ML results in a redshift of the double peak structure owing to an 
increase of the dot size and/or a higher Ge concentration in the dot. A similar redshift 
of the peak positions due to increasing dot size was found in reference [67], there the 
dot size was adjusted by varying the width of mesa lines.  
In comparison to the sample with 5 ML Ge coverage, the dot related peaks seem less 
separated for the 6 ML and 7 ML sample. This is not caused by broadening of the PL 
lines since deconvolution of the NP and TO peaks reveals similar linewidths as for the 
5 ML sample. However, the distance between the NP - TO phonon lines decreases. 
The TO phonon energy reduces to 42 meV for the 6 ML Ge sample and 39 meV for 
the 7 ML Ge sample, respectively (see Figure 6.3), which is closer in energy to a Ge-
Ge mode than to a Si-Ge one [92, 144]. This observation provides additional evidence 
for higher Ge concentration in the dots with increased Ge layer thickness, as the 
probability to create a Ge-Ge TO phonon increases with higher Ge concentration. 
The effect of post-growth annealing on the optical properties is also denoted in Figure 
6.2. The 7 ML Ge sample was annealed for 5min at 580°C. The dot related PL peaks 
shift to higher energy, by maintaining the visible separation of NP and TO phonon 
peak. The linewidths amount to 31 meV for the NP line and to 43 meV for the TO 
phonon peak. Hence, we obtain similar values as for the as-grown sample, which 
corresponds to the observed similar size dispersion of the islands before and after 
annealing (cf. Figure 5.5 (b)). The observed blueshift of the Ge dot related PL 
compared to the as-grown sample is attributed to enhanced Si/Ge intermixing during 
the long annealing step, as observed for dots grown on flat substrates [102]. 
Interestingly the TO phonon energy increases from 39 meV for the as-grown sample 
to 50 meV for the annealed sample, which corresponds to a transition from a Ge-Ge 
TO phonon mode to a predominant Si-Ge TO phonon mode. This observation is 
another indication for enhanced Si/Ge intermixing due to annealing, as the probability 
to create a Si-Ge TO phonon increases with lower Ge concentration [147]. 
The topmost spectrum in Figure 6.2 was taken from a 280 nm period QD array, 
fabricated by 5 ML of Ge. The spectrum exhibit a redshift of the dot related PL 
compared to the 90 nm/100 nm QD array produced by 5 ML Ge. PL emission around 
NP = 841 meV and TO = 801 meV is found. From Figure 5.7 (b) we know that this 
array consists of large dome clusters. Hence, the redshift is explained by the larger 
island size as well as an expected higher Ge concentration inside the dome cluster 
[148]. Later argument is supported by the TO phonon energy of 40 meV which 
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corresponds to a Ge-Ge phonon mode. Interestingly, the integrated, dot related PL 
intensities of the 280 nm and the 90 nm/100 nm pattern are similar although the dot 
density of both pattern differ by approximately one magnitude. The larger dots of the 
280 nm pattern may provide more energy states and hence a larger filling with carriers 
might be possible. Later, it will be shown that state filling occurs in the used laser 
excitation regime.    
By comparison, the PL from dots grown on unpatterned regions is much broader, 
because of the strong differences in size, shape, and composition of dots in the 
unpatterned area. For instance, the PL linewidths of the sample with 5 ML Ge 
coverage (90 nm/100 nm) were determined (by spectral deconvolution of the 
spectrum into two Gaussians) to be 66 meV for the NP and 111 meV for the assisted 
TO phonon peak. Another obvious feature of the PL from the unpatterned regions is 
the strong redshift of approximately 110 meV in comparison to the patterned regions 
with a period of 90 nm/100 nm. The dots in the areas without pattern exhibit a 
bimodal size distribution with domes and pyramids. It is assumed that carriers are 
more likely captured from the large dome clusters, which have a lower band gap and 
less confinement energy, resulting in the measured lower recombination energy. This 
argumentation is confirmed by the PL spectra of the 280 nm QD array which consists 
Figure 6.3: Dependence of the energy position of the PL peaks from the Ge coverage. 
The upper part shows the TO phonon energies (distance between the NP and TO 
phonon line) of the analyzed samples. 
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of dome clusters, similar to those in the unpatterned area. The luminescence occurs in 
both regions at approximately the same energy which strengthens the argumentation 
that the domes are responsible for the PL in the unpatterned region. 
The effects of different size and shape of a single SiGe QD on its PL emission were 
calculated by using the nextnano3 code. As an example, we compare the dots from the 
90 nm/100 nm patterned area with the domes from the unpatterned area. The 
structural data of the TEM and SFM measurements from the sample with a nominal 
thickness of 7 ML Ge were used as input parameters for the simulations. 
The STEM images (cf. Figure 5.4 (d)) indicate a high aspect ratio for the ordered 
QDs, as these dots are created by a filling of the pre-patterned pits which have the 
shape of an inverted pyramid. Therefore it is adequate to simulate the dots of the 
patterned region by two pyramids placed on each other, facing in opposite directions. 
The domes of the unpatterned area were simulated as a double cone with a lower part 
with a steeper lateral surface characteristic for dome specific (1 1 3) and (15 3 23) 
facets and an upper part with a lateral surface inclined with the angle characteristic for 
(105) facets. The relative height of both parts results then from the observed aspect 
ratio of 0.147. 
Figure 6.4 (a), (e) show isosurface plots of the squared moduli of the ground state 
wave functions (|ψi(r)|2> 0.1 × max(|ψi(r)|2), where ψi=HH,∆z,∆xy(r)) for the heavy holes 
(HH, green) and the electrons in the ∆ valleys oriented parallel (∆z1, ∆z2, red, magenta) 
and perpendicular (∆xy, blue) to the growth direction. As expected for SiGe QDs with 
type II band alignment, the HH are confined inside the dots and the electrons are 
localized in the strained Si on top and below the dots as well as around the sides of the 
dots. The splitting of the Si conduction band minima in ∆z1, ∆z2 and ∆xy levels is 
caused by the inhomogeneous strained Si in the surrounding of the dots. For the 
patterned area, the carrier confinement situation is also clarified in the band edge 
profiles in Figure 6.4 (b) - (d). The band edge profiles for the ∆z1, ∆z2 and HH levels 
along the growth direction through the center of the QD are depicted in (b) and the 
profiles for the ∆xy and HH levels for two cuts along the x-direction at (x, 0, 1) and (x, 
0, 1.5) are shown in (c), (d), respectively. Clearly, the valence-band offset for the 
holes in the QDs is much stronger than the conduction-band offset for the electrons in 
the strained Si. The electrons are only weakly bound, with eigenenergies of 1140 meV 
– 1163 meV which is close to the unstrained Si conduction band at 1170 meV. 
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Figure 6.4: Isosurfaces of carrier densities of (a) a pyramidal and (e) a dome shaped 
SiGe QD with a Ge concentration of 40%. (b)-(d) band edge profiles of the pyramid 
cluster in (a) along different cutting lines. The squared moduli of the ∆z1, ∆z2, ∆xy 
and HH ground states are given by the bold lines.  
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From the valence band profiles it become apparent that the holes have to overcome a 
small energy barrier (due to the strained Si) to occupy the dots. This barrier is much 
smaller along x/y-direction compared to the growth direction, which let us assume 
that the holes occupation occurs not from the apex or the base of the dots, but from 
the side of the QDs. 
For the pyramids of the patterned area as well as for the domes of the unpatterned 
area, the ground state transition is found between the HH and the electrons in the ∆z1-
valleys. For an assumed Ge concentration of 40% inside the dots, recombination 
energies of 888 meV for the pyramids of the patterned region and 844 meV for the 
domes of the unpatterned region are calculated. The different strain fields of the dots - 
because of different size and shape - are mainly responsible for the calculated energy 
difference of 44 meV (see Figure 6.5 (c)). However, the PL measurements observed 
an energy difference of approximately 110 meV between the dot luminescence of the 
patterned and unpatterned area. Hence, the energy difference cannot solely be 
explained by the size effects. Additionally, it is expected that a higher Ge 
concentration exist inside the dome clusters (approximately 55%) compared to 
pyramidal clusters because of their larger size. The higher Ge concentration lowers 
the band gap and therefore reduces the emission energy. 
Apart from radiative recombination due to the electron and hole ground states, the 
simulations also indicate a wide variety of transitions from excited states. For 
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Figure 6.5: Strain component ezz along the growth direction, calculated for a pyramid 
of the patterned area and a dome of the unpatterned area. 
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instance, it is probable that higher HH or ∆z levels are filled for high excitation 
densities which usually occur in PL experiments. Thus, even for identical islands a 
finite broadening of the linewidths is expected. 
Micro-PL spectra from the high resolution QD arrays are plotted in Figure 6.6. The 
investigations have been performed at a sample temperature of 8 K with an excitation 
power of P = 200 µW. From the spot diameter of d ~ 1.5 µm we conclude that the 
excitation density was significant higher (ρ = 11110 W/cm2, approximately three 
order of magnitudes) than for the samples described before.  
The PL spectra of the 49 nm and 42 nm period samples show again well resolved NP 
and TO phonon peaks. The relevant values of the PL signal of these periods are listed 
in Table 6.1. The spectra show an unusual redshift of the dot related PL from the 49 
Figure 6.6: (a) 8K micro-PL measurements of the high resolution QD patterns. (b) 
The simulation shows the charge carrier densities around two adjacent QDs of the 35 
nm pattern. It shows that the lateral distance has to be further reduced for lateral 
coupling of adjacent QDs. 
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nm to the 42 nm period sample. Normally, a redshift results from an increase of island 
size, strain or Ge concentration. An increase of island size is not observed nor 
expected from the 49 nm to the 42 nm period sample as the same amount of Ge (5 
ML) divides on more pits for the 42 nm period sample. Hence, the generated dots are 
smaller for the 42 nm period sample (cf. with the size distribution of Figure 5.10). 
Nextnano3 simulations which include the strain distribution of the dots predict a 
higher PL energy for the 42 nm period. By assuming a Ge concentration of 50% for 
the dots in both patterns, PL energies of 812 meV and 798 meV are calculated for the 
42 nm and 49 nm period, respectively. The calculated values are only for comparison 
of the two periods at fixed Ge concentration, the real Ge content is certainly lower 
since the measured PL peaks have much higher energies. Hence, the effect of strain 
and size would rather hint at a blueshift and not at the observed redshift for a decrease 
in the dot periodicity. Hence, the PL redshift is solely due to different Ge 
concentrations in the dots of the different arrays. Primary, a higher Ge concentration 
of the dots in the 42 nm pattern is not evident since larger islands may also argue for a 
higher Ge concentration inside the dots. However, the energy of the TO phonon (NP-
TO line) of the 42 nm pattern (41 meV, close to a Ge-Ge mode) is slightly smaller 
than for the TO phonon of the 49 nm pattern (49 meV, close to Si-Ge mode), which is 
an indication for a higher Ge concentration of the dots in the 42 nm pattern. The 
different Ge content in the dots may be induced by the different profile of the pits 
(slightly steeper sidewalls are observed for the 42 nm pattern). Another possibility is 
that due to the smaller collection area per dot not only less Ge is accumulated per dot 
but also less Si. 
 
Period 
NP peak 
(meV) 
TO peak 
(meV) 
NP-TO 
(meV) 
NP 
linewidth 
(meV) 
TO 
linewidth 
(meV) 
49 nm 1000 951 49 30 35 
42 nm 979 937 41 31 56 
 
Table 6.1: Properties of the dot related PL signal from the 49 nm period and the 42 nm 
period SiGe QD pattern. 
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A strong decrease of the PL intensity occurs for the 35 nm period. A separation of the 
NP and TO phonon lines is not anymore observable for this pattern. For the 35 nm 
pattern, a broad band at about 890 meV and a weak feature at about 990 meV are 
observed. The spectrum is rather similar to that of the unpatterned area. It is worth 
mentioning that the cut-off energy of the used detector is at 770 meV. Additional 
measurements of the unpatterned area with the PL setup at the PSI detect 
luminescence below this value, which may be attributed to domes in the unpatterned 
area.  
The broadening of the PL lines of the 35 nm period QD pattern might be intensified 
due to the stronger dispersion of the QD sizes of this pattern (cf. Table 5.1). However, 
it is unlikely that such small size variations are the main reasons for the line 
broadening. Another explanation could be the electronic coupling of the charge 
carriers of adjacent QDs. The coupling would lead to the observed lower energy 
transition and would also explain the broadening because of delocalisation of the 
electron states. However, nextnano3 simulation indicates no lateral coupling of the 
electron levels for the used input parameters, at least not for the electron groundstate 
(see Figure 6.6 (b)). For lateral coupling of adjacent QDs the period has to be further 
reduced to less than 28 nm. 
In summary, the interpretation of the PL measurements of the high resolution patterns 
remains somewhat speculative and more detailed analysis is required, e.g. XRD 
measurements to analyze the Ge content of the high resolution pattern or further down 
scaling of the period in order to reach definitely the coupling regime. Nevertheless, 
the presented PL experiments demonstrate that the structural uniformity of the dots 
can be transferred on to their optical properties, resulting in a narrow and stable PL 
emission. The energy positions of the PL lines depend strongly on the structural 
parameters of the dots. Hence, tailoring of the QD arrays allows narrow PL emission 
within a broad energy range, e.g. for the analyzed samples it was possible to shift the 
NP peak from 800 meV to 1000 meV by varying the nominal Ge coverage, the size or 
the Ge content of the islands. 
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6.3 Excitation power dependent PL measurements 
Excitation dependent PL measurements are widely used to investigate the 
mechanisms of carrier recombination in quantum well or QD structures. In the 
following the investigations on the 90 nm/100 nm period pattern are described. The 
excitation power for the 90 nm/100 nm pattern was varied from 0.08 mW to 16 mW, 
which corresponds for a 532 nm laser with an ellipsoidal spot size of 70 µm × 100 µm 
to an excitation density from 1.5 W/cm2 to 291 W/cm2 or in a more appropriate 
dimension from 4 · 1018 photons/(s · cm2) to 7.8 · 1020 photons/(s · cm2). If we 
consider that only around half of the photons contribute to the generation of electron-
hole pairs because of reflection at the surface, we estimate an excitation density per 
dot for the 90 nm/100 nm pattern from 18 · 107 photons/(s · dot) to 35 · 109 photons/(s 
· dot). For SiGe QD structures, PL lifetimes in the order of 200 ns to 1 ms [149, 150] 
were measured. This means that even for a very fast recombination and for the lowest 
laser excitation the dots are filled by 36 holes, which is certainly a too huge and 
implausible value. However, in the calculation we assumed that all generated e/h-pairs 
are captured by the SiGe QDs which is certainly not the case. The e/h-pair generation 
occurs up to a depth of 1 µm, whereas the dot layer is only 40 nm below the surface. 
Thus, it is expected that a large part of the e/h-pairs are not transported to the dots and 
recombine via radiative or non-radiative recombination paths in the Si-substrate, for 
instance trapped by impurities in the Si substrate or at the Si substrate/Si buffer 
interface. However, even for a QD recombination probability of only 10% the dots are 
filled by around 4 holes, which suggest that state filling, saturation or repulsion effects 
play an important part in our laser excitation regime.  
The measured excitation power dependent PL spectra are shown in Figure 6.7 as 
linear as well as logarithmic plot. The sample with nominal 5 ML of Ge is chosen as 
example (the other samples show similar behaviour). For higher laser excitation 
power, the Si-NP line at 1170 meV and the signature of the Si (TO+OΓ) line at 1033 
meV are clearly visible. Although a broadening of the dot related PL lines occurs 
because of state filling, a separation of the NP and TO phonon lines in the patterned 
region (Figure 6.7 (a), (b)) is still visible even for the highest excitation power, which 
suggest a consistent recombination mechanism in the measured excitation range.  
For a quantitative analysis the SiGe dot related luminescence from ordered as well as 
unordered QDs is deconvoluted into two Gaussians. The peak height ratio between 
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NP line and TO phonon replica is depicted in Figure 6.8 (a). It shows a slight decrease 
of the NP/TO ratio with increasing excitation power which might result from the 
increased local heating effect at higher injection level which preferred a phonon 
assisted recombination (a similar behaviour is found for temperature dependent PL 
measurements, as will be shown in the next section). 
Figure 6.8 (c) depicts the energy positions of the NP and TO phonon peaks as a 
function of the excitation power. The peaks of both regions blueshift with increasing 
excitation power, whereas the TO phonon splitting (energy difference of NP and TO 
phonon line) remains constant over the whole excitation range. The blueshift is 
explained by band bending in structures with type II band lineup, as already stated in 
Figure 6.7: Excitation power dependent PL spectra from the sample with nominal 5 
ML of Ge, taken from (a), (b) patterned, (c), (d) unpatterned area. The panels in (b), 
(d) depict the logarithmic plot of (a), (c), respectively. 
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previous publications [99, 100] and theoretically modeled in [151]. The spatial 
separation of electrons and holes forms an attractive Hartree potential due to Coulomb 
interactions at the interfaces. Higher excitation densities result in a higher Hartree 
potential and to a stronger band bending. In turn, this results in a stronger blueshift. 
However the shift is much smaller for the ordered dots, i.e. 16 meV, than for the dots 
grown on areas without pattern, which amounts to 55 meV. This behaviour affirms 
our earlier assumption that carriers in the unpatterned area are most likely captured by 
bigger dots with a lower band gap. For sufficiently high excitation densities there is an 
increasing probability that carriers are captured in smaller islands with a higher band 
Figure 6.8: Analysis of the PL spectra shown in Figure 6.7. (a) Ratio of the peak 
heights of NP and TO phonon line. Behaviour of the (b) linewidths and (c) energy 
positions of NP line and TO phonon replica in dependence of the injection level. (d) 
Excitation power dependence of integrated PL intensity from the dots as well as from 
the Si-TO line. 
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gap, leading to a stronger blueshift for the self-assembled QDs in the unpatterned 
region. 
A blueshift is also expected from band filling at high carrier densities. However, it has 
been calculated that such state filling effects are of less relevance than band bending 
[152]. On the other hand band filling is responsible for broadening of the PL lines 
with increasing excitation. The local heating effect at high injection levels might also 
contribute to the line broadening, since carriers can be thermally excited in higher 
energy levels. In Figure 6.8 (b) the linewidths of NP and TO phonon replica are 
displayed as a function of the excitation power. Apparently, the broadening is more 
pronounced for the TO phonon peaks which might be due to the superposition of 
different phonon vibrations. 
The integrated PL of the islands as well as of the Si-TO line in dependence to the 
excitation power is plotted in Figure 6.8 (d). From the curve it is possible to draw 
conclusion on the dominant non-radiative recombination mechanisms which are 
either: 
1. Auger recombination, where the resulting energy of a band-to-band 
recombination is not emitted as photon, but excites another electron or hole. 
The involvement of a third particle affects the recombination rate and a power 
excitation dependence of I ~ P2/3 is expected. 
2. Shockley-Read-Hall recombination, where the recombination occurs via a 
"trap", an energy level within the band gap caused by the presence of an 
impurity atom or a structural defect. An excitation dependence of I ~ P is 
expected for SRH recombination. 
According to IGe ~ Pm, a sublinear power dependence is found for the SiGe island 
related PL with an exponent mpat = 0.63 for the patterned and munpat = 0.61 for the 
unpatterned region which is close to the value of a dominant Auger recombination. 
The rather small discrepancy to the ideal value of m = 0.66 is explained by a 
saturation effect of the islands with type II band alignment as proposed in reference 
[99, 153]. In structures with type II alignment, the carriers are first localized at the 
Si/dot interface before recombination occurs. It is expected that at high injection 
levels, as in our measurements, the dot states are saturated. Thus, dots which are 
charged by some holes, may even build up a huge barrier for additional holes to enter 
and the recombination occurs intensified in the Si substrate or the Si epilayers. This 
argument is supported by the disproportional increase of the Si-TO peak intensity 
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with increasing excitation power, where an exponent of mSi ≈ 1.2 is found, whereas 
usually SRH recombination occurs in pure Si with an exponent m = 1 [154]. 
Certainly, the given explanations are of rather qualitative nature, an attempt to 
understand the different effects occurring in the QD structures. The analysis of the 
measurements implied that for the used excitation regime the dots are filled by more 
than one hole and that saturation or repulsion effects occurs in the islands. However, 
neither an exact value of the filling state can be given nor the essential question, how 
many holes states are available in a single QD, can be answered. PL lifetime 
measurements are required for addressing such problems. However, higher PL 
intensities might be required, for definite results from such measurements. To clarify 
the effects of state filling in the dots it is required to calculate quasi Fermi levels in 
dependence on amount of holes and electrons trapped in the wells. However such a 
many-particle problem is beyond the scope of this dissertation.  
6.4 Temperature dependence of the QD PL 
Figure 6.9 (a) shows PL spectra from the patterned region of the 5 ML Ge sample 
(period: 90 nm/100 nm) in dependency of the sample temperature.  The dot related PL 
is quite intense for T = 4K - 60K, whereas for temperatures higher than T = 60K a 
strong thermal quenching occurs. Additionally, thermal broadening of the PL lines 
occurs with increasing temperature. Similar temperature characteristics of self-
assembled QDs are found by other groups [67, 103, 153].  
The peak height ratio of NP and TO phonon line for different temperatures is shown 
in Figure 6.9 (b). The ratio decreases slightly for higher sample temperatures, since 
phonon activated recombination increases with temperature. 
The normalized, integrated intensity of the dot related PL as function of the sample 
temperature is plotted in Figure 6.9 (c). For low temperatures (T = 4K – 20K) the PL 
intensity increases slightly with temperature, which is equivalent to a stronger carrier 
transport into the dots with increasing temperature. It is conceivable that at low 
temperatures the e-h-pairs which are generated far away from the QD layer (see 
discussion in section 6.3) are weakly trapped by impurities or structural defects in the 
Si substrate/buffer. Another possibility for the slight increase of PL intensity is that at 
low temperatures the hole occupation of the dots is slightly hampered by the small 
energy barrier around the dots due to the strained Si (see band edge profiles in Figure 
6.4).  
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The dot related PL intensity has a maximum at 20K before thermal quenching occurs. 
The strong intensity drop at high temperatures can be described by the formula 
[ ] 1)/exp(1)0(/)( −−⋅+= TkECITI Ba , where I is the intensity, C a constant, kB the 
Boltzmann constant and Ea an activation energy. By assuming an exponential decay 
of the PL intensity at high temperatures, activation energies of Ea= 56 meV for the 
patterned region and Ea= 61 meV for the unpatterned region are determined (see inset 
in Figure 6.9 (c)). Basically, Ea describes the separation energy between two states in 
quasithermal equilibrium. In our case, Ea corresponds to the required energy for 
Figure 6.9: (a) PL spectra of a sample with nominal 5 ML of Ge. The spectra are 
recorded from the patterned area (90 nm/100 nm) at different temperatures. (b) Peak 
height ratio of NP and TO phonon replica for different temperatures. (c) Temperature 
dependence of the integrated PL intensities from QDs of the patterned and unpatterned 
area. The inset shows an enlarged view of the high temperature region.  
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thermal excitation of either holes or electrons to the Si barrier. However, thermal 
excitation of holes from the dots to the Si barrier is rather unlikely, since holes are 
strongly confined in the QDs, as calculated in the band edge profiles in Figure 6.4. 
Hence, the determined activation energies are related to the thermal excitation of 
electrons confined in the strained Si to the continuum. The nextnano3 simulations 
yield that the electrons in the pyramids of the patterned area are bound by 30 meV and 
in the domes of the unpatterned area by around 40 meV due to the strained Si. The 
discrepancy to the determined activation energy is explained by the binding energy of 
the spatially separated electrons and holes, which is not considered in the nextnano3 
simulations. Dvurechenskii et al. [151] calculated that such indirect excitons in SiGe 
QDs can have relatively huge binding energies of around 30 meV. The sum of 
“structural” and “excitonic” binding energy fits relatively well with the determined 
activation energies.     
6.5 PL characterization of LPCVD grown QD arrays 
From the LPCVD grown QD arrays, similar PL results were obtained as for the MBE 
grown samples, i.e. on patterned areas the dot signal is well resolved because of the 
improved size distribution, whereas dots in the unpatterned areas show significantly 
broader PL. The spectra discussed in the following are from the sample shown in 
Figure 5.20 (g). It consists of large domes which are separated by 280 nm and capped 
by a 40 nm thick Si buffer layer. Figure 6.10 (a) shows PL spectra recorded at 10 K 
using different laser excitations. A deconvolution of the luminescence spectrum 
measured at P = 7.3 mW into NP and TO contributions account to peak energies of 
864 meV and 816 meV, respectively. Interestingly, for the LPCVD samples the PL 
intensity in the unpatterned area is much lower than in the patterned area. For an 
excitation power of P = 7.3 mW, the PL intensity of the self-assembled dots is already 
below the detection limit of the PL setup. Apparently, the carriers are more effectively 
collected in the ordered islands. By increasing the illumination intensity the NP and 
TO lines slightly blueshift due to band bending and start to broaden due to band 
filling, similar to the MBE grown samples. A sublinear laser power dependence is 
found for the SiGe island, IGe ~ P0.66, which correspond to a dominant Auger 
recombination. 
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The spectra in Figure 6.10 (b) show a normal temperature induced broadening and 
thermal quenching for T > 50K as discussed in the previous section for MBE grown 
samples. 
Figure 6.10: PL spectra of LPCVD deposited samples. (a) Laser excitation dependent 
PL at 10K and (b) temperature dependent PL for a fixed laser power. 
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7 Optical properties of SiGe QD crystals 
It is expected that the band structure of the three-dimensional QD crystals is 
strongly modified due to the additional dot arrangement in vertical direction. 
Furthermore, the small vertical distance between the dots and the correlated strain 
accumulation in the Si spacer layers might already lead to an electronic coupling 
between the dots. This chapter will concern these questions, by comparing PL 
and absorption measurements with band structure calculations. 
 
Figure 7.1 shows (a) excitation power dependent PL measurements from the three-
dimensional dot crystal with a lateral period of 90 nm/100 nm. The spectra differ from 
the spectra of the single layer by the absence of two separated NP and TO phonon 
peaks. Instead the spectra exhibit a broad, symmetrical peak which slightly blueshifts 
from 738 meV to 748 meV with increasing excitation power from 0.2 mW to 15.8 
mW, respectively. The integral PL of the dots has an excitation power dependence of 
I ~ P0.67, whereas the Si-TO line has an excitation power dependence of I ~ P1.21 
(Figure 7.1 (b)). The values are similar as obtained from samples with only a single 
QD layer. Thus, an identical recombination mechanism is assumed, which means that 
for high excitation power, further carrier acceptance in the QD is blocked and 
recombination occurs preferred in the Si.  
Although the QD crystal exhibits 11 times more QDs, the dot PL of the QD crystal is 
only approximately three times higher than for the QD arrays with a single dot layer. 
This circumstance becomes evident by considering the fact that the carrier generation 
occurs still mainly in the Si substrate, since the thickness of the QD stack is only 
around 120 nm. The band profiles of the single dot layer clarified that the dot layers 
represent barriers for the electrons. Hence, electrons generated in the substrate will be 
blocked at the bottommost QD layer and only electrons generated in the surrounding 
area of the subsequent dot layers will contribute to the dot related PL. 
Temperature dependent PL measurements from the QD crystal are shown in Figure 
7.1 (c). A spectacular result is the observation of QD PL up to RT, which is also an 
indication of a high crystalline quality of the prepared QD structure. The normalized, 
integrated intensity of the dot related PL as function of the sample temperature is 
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plotted in Figure 7.1 (d). From the thermal quenching at high temperatures an 
activation energy of Ea = 69 meV is determined, which is attributed to thermal 
excitation of electrons confined in the strained Si to the continuum, as for the single 
dot layer samples. The activation energy is slightly higher than for the single dot layer 
sample, which is explained by the strain accumulation in the Si spacer layers due to 
the stacking which leads to a stronger electron confinement.   
To get more information of the electronic structure of the QD crystal, electro-
modulated absorption measurements were performed at 20K. For this purpose the Si 
spacer layers were doped with Boron (1018 cm-3) and a Schottky-gate were prepared 
on top of the patterned region by depositing a Ti/Au contact. The sample was 
thereafter polished with 45° facets, which allows the injected infrared light (glowbar 
Figure 7.1: Excitation power dependent (a) PL spectra and (b) integrated intensities 
of the SiGe quantum dot crystal with a lateral period of 90 nm/100 nm. (c), (d) 
Temperature dependence of the same crystal. 
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lamp) to penetrate two times through the structured region. The carriers were 
modulated at a 33 kHz frequency between -2 and +2 Volt. Figure 7.2 shows a clear 
absorption signal around 370 meV with a linewidth of around 75 meV. Adding 
together the values of absorption signal (370 meV), measured PL energy (740 mev) 
and determined activation energy (69 meV) results in 1179 meV, which is close to the 
Si band gap (1170 meV). Hence, the measured absorption energy is attributed to a 
bound to continuum transition between holes confined in the dots and the Si valence 
band edge. The increasing absorption signal towards low energy might correspond to 
intersubband absorption between hole states in the QD and free carrier absorption 
from carriers which are not trapped in the dot. 
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Figure 7.2: Electro-modulated absorption measurement of the QD crystal. 
 
The energy levels of holes and electrons in the QD crystal are calculated with the 
nextnano3 code. For this purpose the QD crystal is modeled with the structural 
parameters obtained by SFM, STEM and XRD measurements. The used parameters 
are collected in Table 7.1. The illustration in Figure 7.3 depicts the calculated carrier 
distributions of two stacked dots from the center of the QD crystal (dot layer 5 and 6). 
The model can be continued in x-, y- direction by assuming identical islands, since 
lateral periodic boundary conditions are used.  
The calculation clarifies that as for the single layer QD arrays the holes (green) are 
confined within the dots (yellow) whereas electrons (red, blue) are confined in the 
strained Si in the surrounding of the dots. In the tensile strained Si regions above the 
apex of the islands and below their base the electrons are located in the ∆z conduction 
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band valleys (red) whereas in the compressively strained Si regions around the 
circumference of the islands the four ∆xy valleys (blue) form the lowest conduction 
band states for the electrons. Regarding the whole crystal the ∆z conduction band 
valleys are the lowest energy states of electrons. The corresponding eigenenergies 
account to EHH = 362 meV, E∆xy = 1158 meV and E∆z = 1105 meV. Hence, the 
calculated ground state energy of the HH agrees very well with the measured 
absorption peak in Figure 7.2. Furthermore, the difference between the ∆z and HH 
ground states, E∆z - EHH = 743 meV, is in good agreement with the position of the PL 
peak in Figure 7.1.  
 
Region Base diameter Top diameter Height Ge content 
Upright pyramids 34 nm 5 nm 3 nm 60% 
Inverted pyramids 
(1st layer) 
2.5 nm 20.6 nm 4 nm 60% 
 
Table 7.1: QD parameters for the band structure calculations. 
 
It turns out that the three-dimensional electronic band structure is appreciably 
modified due to the periodic arrangement of QDs in all three directions of space. 
Figure 7.3 (a) shows that the electronic ∆xy levels are vertically coupled between the 
QD layers and build delocalized states along a complete QD stack. Furthermore, the 
∆z,1 and ∆z,2 levels below and above the dots, respectively, are coupled because of the 
stacking and build a single ∆z level between adjacent dots. However, no indication for 
coupling of the ∆z levels through the whole crystal is found by the simulation. 
In Figure 7.3 (b), one-dimensional cuts through the ∆z (red, thin lines) and HH (green, 
thin lines) landscape along the symmetry axis of an island column of the sample are 
plotted together with the respective ground state wave functions (bold lines) and 
eigenenergies in the center of the QD stack. The electrons are strongly confined in the 
strained Si spacers due to the potential barriers of the dots, which is a big difference 
compared to the single Ge layers, where the electrons are only weakly bound in the 
strained Si (see band profiles in Figure 6.4). The strong electron confinement might 
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also explain the observed RT PL, whereupon the determined activation energy of 69 
meV has to be related to the electrons confined in the strained Si below the first dot 
layer.  
From the analysis of the XRD data we already know about the strain distribution 
inside the QD crystal, where the maximum strain was found in the larger dots of the 
first layer and a more or less homogenous strain distribution was found in the center 
of the dot stack (cf. Figure 5.19). This is reflected by the band edge profiles of the ∆z 
levels. The different strain distribution results in slightly higher (lower) eigenenergies 
Figure 7.3: (a) Isosurfaces of the charge carrier densities (HH, green; ∆z, red; ∆xy 
blue) around dots in the centre of the QD stack (dot layer 5 and 6). (b) Calculation 
of the alignment for the ∆z (red thin lines) and HH (green thin lines) energy bands 
in stacked SiGe quantum dots along the axis through the quantum dot centres. The 
squared moduli of the ∆z and HH wavefunctions are shown by the red and green 
bold lines, respectively. The numbers given in the plot indicate the eigenenergies of 
the levels measured from the average valence band energy in unstrained Si.  
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for the HH (electrons in ∆z levels) in the first layer and effects also the band edge 
profiles of the second and third dot layer. Furthermore, on top of the crystal the band 
edge profiles are modified because of the uncapped surface. Hence, an identical band 
profile is only expected in the center of the QD stack, from layer four to eight.  
These variations of the band profile in stacked QD layers, e.g. due to different strain 
fields, leads to different confinement potentials for the carriers (also reported in [106, 
107]) and in turn to the observed broad PL line. Additionally, the constant Ge 
concentration of 60% has to be considered as rough approximation. It is expected that 
the Ge contents differ from layer to layer which leads to an additional broadening of 
the PL line. 
The analysis of the XRD data in section 5.6.2 revealed a lateral deviation of the dot 
positions from ideal lattice sites of σrms = 3 nm. In order to proof to what extend this 
disorder influences the electronic properties of the QD crystal the energy levels for a 
column of islands, where the central one is shifted out of its ideal position by 3 nm, 
were calculated. As a consequence of the disorder, the ground state energy (measured 
from the average valence band energy in Si) is shifted by less than 1 meV with respect 
to the ideal case. Size fluctuations of the QDs are another factor which might 
influence the electronic properties of the QD crystal. By assuming size fluctuations of 
10%, which is slightly larger than observed from the SFM and TEM measurements, 
an energy shift of 9 meV for the ∆z states and 3 meV for the ∆xy states is estimated. 
However, the estimated energy variations due to deviation of the dot position or size 
fluctuations are too small in order to affect the calculated coupling of the electron 
states. 
So far, the simulations indicate only a coupling of the electronic states in vertical 
direction of the QD crystal. However, in order to achieve a QD crystal in the 
electronic sense the electronic levels of neighbouring QDs have to couple in all 
dimensions. The missing lateral coupling can be realized by a further reduction of the 
lateral period. As pointed out in the preceding section, for the samples consisting of a 
single dot layer, a lateral coupling of the QD states is predicted for a period of 28 nm. 
Interestingly, the simulation of the QD crystal already indicates electronic coupling 
for a lateral period of 35 nm. The reason for this behaviour is the strong difference of 
the strain fields in the first layer compared to the strain fields in the centre of the dot 
stack due to the different sizes of the dots in the respective layers. The simulated 
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isosurfaces of the carrier densities are illustrated in Figure 7.4 (a). The simulation is 
performed for a constant Ge concentration of 50% inside the dots. It indicates a lateral 
coupling of the ∆xy states of adjacent QD stacks. Thus from the electronic point of 
view, the three-dimensional regular arrangement of QDs represents an artificial 
crystal. As for the 90 nm/ 100nm QD crystal, the ground state transition is between 
the HH - ∆z states, with a calculated recombination energy of 861 meV. An energy of 
882 meV is assigned to the HH - ∆xy transition. 
Micro-PL measurements of the QD crystals with lateral periodicities of 35 nm, 42 nm 
and 49 nm are depicted in Figure 7.4 (b-e). The dot related PL is blueshifted 
compared to the QD crystal with 90 nm/100 nm period because of smaller dot sizes 
and expected lower Ge concentration inside the dots. The PL from the unpatterned 
region exhibit a broad peak centred at around 895 meV. This peak is also observed in 
the patterned region, but there it is convoluted with another PL line at 923 meV. This 
second peak appears for all three periods at approximately the same energy. The PL of 
the patterned area resembles the double peak structure which was found in the 
patterned area of the single layer samples. However, for the samples comprising a 
single dot layer the peak height ratio between NP and TO phonon line decreased 
slightly with increasing excitation power. Here, in contrary, the high energy line at 
923 meV (peak I) increases stronger than the line at 895 meV (peak II) by increasing 
the excitation power. Therefore, an alternative explanation for this double peak 
structure is proposed. The line centred at 895 meV might correspond to the HH - ∆z 
transition, whereas the line at 923 meV is possibly related to the HH - ∆xy 
recombination. For high injection levels a saturation effect occurs for peak II and a 
preferred filling of the delocalized ∆xy states might occur. However, further 
experiments have to clarify this point. 
Nextnano3 calculations predict that the delocalized ∆xy states become the electron 
ground state for SiGe QD crystals consisting of conical QDs with a base width of 30 
nm, a height of 3 nm, a lateral (vertical) period of 32 nm (5 nm) and a Ge content of 
60%. In this case a strong modification of the optical properties is expected. The 
lowering of the ∆xy energy below the  ∆z electron ground states is a consequence of 
the overlapping strain fields of neighbouring QD columns (lowering the ∆xy energy) 
and the large confinement energy of the ∆z states. 
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Figure 7.4: (a) Simulation of the charge carrier densities of the QD crystal with a 
lateral period of 35 nm. The simulation indicate a lateral as well as vertical coupling 
of the electronic states (b) Micro-PL measurements of the QD crystals with lateral 
periodicities of 35 nm – 49 nm and (c-e) corresponding excitation dependent PL 
measurements.  
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Furthermore, theoretical investigations suggest interesting properties of coupled QD 
crystals, for instance strong modifications of the phonon dispersion which may affect 
energy relaxation processes [155] or light polariton masses which is interesting for 
long-range coupling of spin qubits [156]. The created QD structures seem well suited 
for experimental study of such properties. 
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8 Summary and Outlook 
This thesis demonstrates the ability of templated self-assembly to control the 
deposition of SiGe nanostructures. Exactly aligned, closely packed SiGe QD arrays 
with hitherto unmatched uniformity were fabricated by MBE as well as LPCVD on 
EUV-IL pre-patterned Si substrates. Thereby, the EUV-IL technique, characterized by 
high resolution, exact pattern definition and high throughput, has been critical in the 
success of the considerable effort to achieve the level of perfection, which took many 
trials and hundreds of samples. The results demonstrate that it is mandatory to 
synchronize the growth parameters on the template parameters (or vice versa) in order 
to achieve SiGe QD arrays with low size dispersion. In this context, the influence of 
growth temperature, template period and template variations have been systematically 
studied. Furthermore, using the method of templated self-assembly in combination 
with strain induced vertical stacking of SiGe islands three-dimensional QD crystals 
with lateral periods down to 35 nm were successfully fabricated.   
In the second part of this thesis the optical properties of the fabricated SiGe structures 
were studied. It is evident that the structural uniformity of the dots can be transferred 
on to their optical properties, resulting in a narrow and stable PL emission. For 
samples consisting of a single Ge layer, the PL signal reveals even a separation into 
NP and TO phonon lines, reflecting the narrow size distribution of the dots. Varying 
the nominal Ge thickness, the template period and hence the size of the dots allows 
shifting of the narrow PL signal within a broad energy spectrum. The QD crystals 
show efficient luminescence as well but with much broader linewidth than the single 
layers, which is explained by strain induced variations of the transition energy. Good 
agreement is found between the measured data and band structure calculations. The 
simulations suggest even a lateral as well as a vertical coupling of the electronic states 
of the 35 nm period QD crystal. In fact, the PL measurements show indications for 
coupling of the energy levels but are not definite. Further studies of the high 
resolution pattern have to clarify this interesting point. For this purpose also XRD 
measurements are required to quantify the Ge concentration of the dots of the high 
resolution patterns. 
For continuative studies it would be meaningful to further reduce the lateral period of 
the QD structures, which is certainly feasible with the EUV-IL technique. Thus, 
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changing the inter-dot distances in a controlled fashion over a large range would give 
us the unique possibility to compare coupled and uncoupled QD systems, interesting 
for the implementation in quantum computing or spintronics. Furthermore, in artificial 
QD crystals the features of conventional solids might be reproduced, like the 
formation of energy minibands. In particular in a coupled QD crystal, the formation of 
a new band structure may change the optical properties substantially.  
The created QD arrays are already proposed for two nanodevice concepts: 
The dot structures are well suited for the fabrication of resonant tunneling structures. 
Those structures have proven to be powerful for the examination of SiGe quantum 
well structures and similar experiments should also unravel the subband structure of 
SiGe QDs. Thus to study the electronic properties of the SiGe islands the preparation 
of resonant tunnel diodes is currently in preparation. For this purpose the Ge-dots will 
be embedded in a Si double barrier structure. For the first task a EUV-IL pattern with 
a periodicity of 280 nm will be used. This rather large pattern will allow the 
fabrication of devices with only one dot per device. This means by contacting the dots 
via mesas of 500 nm × 500 nm tunnelling through a single QD might be analyzed. In 
first step current voltage characteristics as a function of temperature and magnetic 
field orientation shall be investigated. Also the observation of an anisotropic Zeeman 
splitting which is caused by strain and strong quantum confinement in the Ge QDs 
will be a matter of the planned research. 
In a further project the SiGe QD arrays will be used to fabricate strained Si for the 
fabrication of advanced FETs compatible with CMOS technology (EU-project: 
Disposable Dot Field Effect Transistor for High Speed Si Integrated Circuits (d-
DOTFET)). This device is based on fabrication of a strained, freestanding Si bridge, 
which is used as channel for the d-DOTFET. The basic idea of the project is to build a 
FET where a SiGe QD acts as source of strain in the Si cap. Subsequently, the SiGe 
island will be removed by selective wet etching in order to keep leakage current at 
minimum. Thereby, the strain is stabilized by the gate stack. The exact positioning of 
the islands at predefined locations allows the individual addressing of the devices. The 
d-DOTFET is expected to outperform current Si CMOS technology in terms of speed 
due to the large mobility of carriers in strained Si and in terms of an improved power 
management which is attributed to the all Si device design. 
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